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INMBMORIAM 


Or.  George  Sachs  was  a  key  figure  in  initi¬ 
ation  and  developnoent  of  the  Sa^^more  Ordnance 
Materials  Research  Conference  Series  of  which 
this  conference  was  the  seventh.  Its  success 
and  popularity  are  due,  in  no  small  rnieasure,  to 
the  driving  force  and  imagination  of  Dr.  Sachs. 

His  knowledge  and  experience  contributed  greatly 
to  the  development  of  excellent  programs.  These 
conferences  which  attracted  participants  from 
this  coimtry  and  abroad  are  recognized  as  among 
the  most  informative  and  popular  in  the  United 
States.  Or.  Sachs'  own  vigorous  participation 
in  the  discussions  and  presentations  gave  all 
who  were  "exposed"  to  him  an  opportunity  to 
appraise  and  appreciate  his  genius  as  well  as 
his  geniality. 

Dr.  Sachs  death  on  29  October  1960,  leaves 
a  large  void  in  the  scientific  commimity.  How¬ 
ever,  his  presence  will  long  be  felt  in  the  many 
committees  on  which  he  has  served  and  the  con¬ 
ferences  in  which  he  has  participated  not  only 
by  the  memory  of  him,  but  also  by  the  frequent 
references  which  will  be  made  to  his  voluminous 
technical  publications. 

The  proceedings  of  this,  the  Seventh  Sagamore 
Ordnance  Materials  Conference  are  respectfully 
dedicated  to  the  memory  of  Or.  George  Sachs  by 
all  those  who  have  been  prlviledged  to  know  and 
work  with  him  in  the  Sagamore  Ordnance  Materials 
Research  Conferences. 

The  Seventh  Sagamore  Conference  Committee 
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PREFACE 


The  papers  and  proceedings  assembled  in  this  report  were  presented 
at  the  Seventh  Sagamore  Ordnance  Materials  Research  Conference  which  was 
held  at  Syracuse  University's  Adirondack  Conference  Center  near  Raquette 
Lake,  New  York,  from  August  l6th  to  the  19th,  i960.  Syracuse  University 
Research  Institute  made  the  arrangements  for  conducting  this  conference 
with  the  assistance  of  the  Adirondack  Conference  Center  staff  under  Con¬ 
tract  No.  DA-3O-O69-ORD-2566  (modification  No.  l).  The  conference  was 
co-sponsored  by  the  Ordnance  Materials  Research  Office  and  the  Office  of 
Ordnance  Research,  U.S.  Army.  The  general  planning  and  operations  were 
transacted  through  a  committee  composed  of  representatives  of  the  con¬ 
tracting  parties,  with  Dr.  George  Sachs  of  Syracuse  University  Research 
Institute  as  Chairman  of  the  Conference  Conimittee. 

This  research  conference  was  the  seventh  of  a  series  devoted  to 
subjects  on  materials  of  primary  interest  to  the  U.S.  Army  Ordnance  Corps. 
The  intent  was  to  provide  governmental  and'  associated  non-governmental 
groups  with  an  up-to-the-minute,  correlated  picture  of  the  status  of  pre¬ 
sent  utilization  and  the  future  of  high  strength  sheet  materials.  Special 
consideration  was  given  to  the  mechanical  and  metallurgical  behavior  of 
the  alloys  not  only  in  the  form  of  flat  sheet  but  also  in  all  fabricated 
forms  which  typify  thin-walled  pressure  vessels. 

The  scope  of  this  conference  included  a  definitive  analysis  of 
sheet  material  problems  and  the  influences  that  fabrication  techniques 
have  on  the  mechanical  and  metallurgical  characteristics.  Correlation 
of  basic  material  properties,  the  results  of  laboratory  tests  and  ser¬ 
vice  behavior  at  temperatures  from  -100  to  +5OO  P  were  the  prime  concern. 
The  lectures  and  discussions  presented  helped  to  clarify  the  sheet  mate¬ 
rial  situation  and  suggested  possible  future  research  progreuns  in  order 
that  the  ultimate  goal  of  utilization  of  high  strength  materials  be  at¬ 
tained  and  in  order  that  laboratory  tests  to  predict  service  behavior  be 
established. 

A  total  of  4o  persons  consisting  of  outstanding  investigators  in 
this  field  contributed  definitions  of  problems,  euJvanced  theories  and 
presented  results  of  recent  work.  This  group  was  made  up  from  govern¬ 
ment  agencies,  industry,  universities  and  research  institutes.  Papers 
were  presented  by  15  representatives  of  government,  8  from  universities 
and  research  institutes  and  17  from  private  industry. 

The  conference  proceedings  include  the  manuscripts  and  prepared 
discussions  submitted  by  the  speakers  and  the  discussions  from  the  at¬ 
tendees,  as  tape  recorded  and  transcribed  by  Technocopy  Incorporated  of 
New  York  City.  Ihese  discussions  were  corrected  by  the  participants  dur- 


iv 


Ing  or  shortly  after  the  conferences  Some  portions  of  these  discussions 
''  and  the  related  questions  and  answers  have  been  deleted  at  the  request  of 
);the  authors.  The  manuscripts,  discussions  and  other  material  were  compiled, 
edited  and  prepared,  for  publication  by  J.  V.  Latorre,  Conference  Secretary 

f'  and  other  members  of  the  Syracuse  University  Metallurgical  Research  Labora¬ 
tory  staff  with  the  assistance  of  A.  F.  Jones  of  the  Ordnance  Materials  Re- 
^  search  Office . 


The  Committee  is  greatly  indebted  to  all  those  contributing  to  the 
success  of  this  conference,  and  particularly  to  the  speakers  and  moderators 
for  their  efforts  to  summarize  voluminous  data  in  their  fields  and  their 
contributions  of  preprints  and  manuscripts  ready  for  reproduction. 

The  attendees  were  welcomed  by  Dr.  R.  A.  Galbraith,  Dean  of  the  Col¬ 
lege  of  Engineering  at  Syracuse  University;  Dr.  J.  L.  Martin,  Director  of 
the  Ordnance  Materials  Research  Office  at  Watertown,  Massachusetts;  and 
Dr.  John  Dawson,  Chief  Scientist  of  the  Office  of  Ordnance  Research  at 
Durham,  North  Carolina.  The  main  dinner  speaker  was  John  Stack,  Assistant 
Director  of  the  Langley  Research  Center,  National  Aeronautics  and  Space 
Administration,  Langley  Field,  Virginia  who  gave  an  interesting  and  chal¬ 
lenging  talk  on  "Prospects  and  Problems  for  the  Supersonic  Commercial  Air 
Transport , " 

The  Committee  commends  the  Technocopy  representatives  for  their  exe¬ 
cution  of  the  difficult  task  of  accurately  and  completely  recording  and 
transcribing  the  discussion.  The  Committee  also  commends  ^racuse  Univer¬ 
sity's  Adirondack  Conference  Center  under  Dr.  Robert  Snow  and  the  Food 
Service  Department  for  providing  the  excellent  facilities  at  the  Sagamore 
Conference  Center. 


The  continued  active  interest  and  support  in  the  conduct  of  these 
conferences  by  Dr.  J.  L.  Martin,  Director  of  the  Ordnance  Materials  Re¬ 
search  Office  and  Col.  G.  Taylor,  Commanding  Officer  of  the  Office  of  Ord¬ 
nance  Research  is  also  appreciated. 
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INTRODUCTION 


0.0  The  introductory  lecture  for  this  conference  will  present 
an  abstract  of  the  problems  facing  the  designer  and  manufacturer  of  large 
diameter  pressure  vessels  having  small  wall  thickness.  This  discussion 
will  concern  primarily  the  material  and  strength  requirements  for  the 
cylindrical  portion  of  the  vessel.  It  is  this  part  of  the,  vessel  where 
the  strength -to-weight  ratio  of  the  material  used  is  of  greatest  signifi¬ 
cance  for  the  weight  of  the  entire  structure. 

The  problems  encountered  in  producing  a  solid  fuel  rocket 
motor  case  which  will  survive  the  service  stresses  are  very  complicated. 
The  materials  used  can  be  considered  as  semibrittle  or  brittle.  The 
properties  depend  greatly  on  a  number  of  design  parameters  and  on  the 
history  of  the  material  from  alloying,  to  assembling.  The  individual  prob¬ 
lems  encountered  will  be  dissected  and,  I  hope,  cured  by  the  many  experts 
in  the  various  sessions.  The  objective  of  my  lecture  is  to  introduce 
these  problems  and  attempt  to  assemble  them  into  a  coherent  story. 


1.  SERVICE  REQUIREMENTS 

The  service  requirements  for  a  solid  fuel  motor  case  are 
threefold,  namely: 

1.1  The  vessel  must  withstand  during  service,  a  single  pressure 
cycle  without  either  (a)  yielding  or  (b)  bursting.  It  is  the  peak  load 
at  the  very  beginning  for  which  the  vessel  is  designed.  At  this  load, 
the  circumferential  stress  in  the  cylinder  should  be  equal  to  or  a  certain 
value  below  the  yield  strength  of  the  material.  Using  the  yield  strength 
determined  by  means  of  a  tensile  test,  a  factor  of  safety  between  1.00  and 
1.15  is  used  by  different  designers. 

There  also  should  be  a  certain  margin  of  safety  between  the 
design  stress  and  the  ultimate  burst  strength  of  the  vessel.  This 
second  factor  of  safety  is  between  1.25  and  1.50. 
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1.2  Each  vessel  is  subjected  to  a  proof  pressure  test  to  insure 
ttet  it  will  conform  to  the  yield  strength  requirement,  jt  is  loaded 
to  the  design  stress.  Any  vessel  i^lch  passes  this  test  is  considered 
as  usable . 

Occasionally  the  proof  test  is  repeated  several  times.  No 
particular  benefit  can  be  ascribed  to  this  procedure  of  repeated  proof 
testing.  Loading -unloading  cycles  to  high  stresses  my  take  some  duct- 
ility  and,  if  the  ductility  is  low,  some  strength  out  of  the  vessel.  In 
general,  therefore,  proof  testing  damages  metallic  materials. 

1.3  A  limited  number  of  vessels  are  subjected  to  destructive 
testing,  determining  the  burst  pressure  and  the  nominal  (circumferen¬ 
tial)  ultimate  buret  strength. 

Occasionally  the  yield  strength  of  a  vessel  derived  from 
such  tests  has  been  reported.  However,  Just  what  the  yield  strength  of 
a  pressure  vessel  is,  has  not  been  clearly  defined.  Theoretical  concepts 
postulate  that  the  vessel  when  loaded  to  its  0.2  percent  yield  strength 
should  expand  permanently  in  circumference  by  a  value  that  exceeds 
0.2  percent. 


However,  a  volume  change  of  0.2  percent  is  frequently  used 
as  a  measure  of  yielding,  and  this  corresponds  to  an  average  change  in 
diameter  of  only  0.1  percent. 

1.4  In  addition,  it  has  been  proposed  that  the  fracture  mode 
should  be  specified.  There  may  be  some  merit  to  a  ductile  appearing 
failure,  consisting  of  a  single  or  branched  longitudinal  crack,  rather 
than  to  a  brittle  fragmentation  of  the  case.  However,  it  is  difficult 
to  visualize  how  such  a  subjective  criterion  can  be  fully  controlled. 


2.  GENERAL  MATERIAL  PROBLEMS 

2.1  Any  one  metallic  material  under  consideration  for  a  motor 
case  is  generally  characterized  by  two  criteria  obtainable  from  a 
tensile  test;  namely,  the  0.2  percent  tensile  yield  strength  and  the 
(ultimate)  tensile  strength.  In  addition,  only  alloys  which  show  suf¬ 
ficient  ductility  in  tension  to  allow  the  load  to  pass  through  a  maxi¬ 
mum  before  failure  are  in  use  at  present. 

2.2  The  tensile  and  yield  strength  deteraine  the  potential  of 
a  material  in  the  form  of  a  pressure  vessel. 

However,  the  relations  between  these  values  and  the  yield 
and  the  ultimate  strength  in  bursting  are  complex,  for  a  variety  of 
reasons . 
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2.3  It  is  frequently  doubtful  whether  the  condition  of  the 
material  of  the  tension  8i)eclmen  and  the  vessel  are  identical. 

2.k  All  theoretical  and  experinjental  evidence  available  clear¬ 
ly  indicates  that  for  Identical  materials  the  values  in  bursting  should 
differ  from  those  in  tension. 

Also,  this  deviation  is  expected  to  be  different  for  the 
yield  strength  than  for  the  ultimate  strength. 

2.3  Premature  failure  of  a  metal  may  occur  in  bursting,  because 
the  ductility  of  a  vessel  is  generally  lower  than  that  of  a  tension  test 
specimen. 

2.6  This  is  caused  in  part  by  the  biaxial  state  of  stress  in 
the  pressurized  vessel  as  contrasted  with  the  uniaxial  state  of  stress 
in  the  tension  test* 

To  date,  no  definite  evidence  exists  on  the  embrittling 
effect  of  this  particular  blaxiality  on  the  ductility  of  high  strength 
material . 


2.7  Other  factors  \diich  can  generally  be  classified  as  "stress 
raisers"  exist)  further  reduce  the  ductility  of  a  high  strength  material. 

To  evaluate  the  sensitivity  of  a  metal  in  this  respect,  one 
of  several  types  of  notch  tests  are  generally  used. 

2.8  In  addition,  the  fact  that  the  structure  of  the  material 
may  be  nonuniform  enters  into  the  picture.  This  applies,  for  example, 
to  the  unfavorable  effect  of  the  highly  stressed  velds  and  weld  affected 
zones,  as  well  as  to  the  favorable  effect  of  decarburlzatlon  of  steels. 
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3.  YIELD  STRENGTH 

3.1  A  fundamental  approach,  to  the  problem  of  vessel  strength 

can  be  applied  only  to  isotropic  or  nondirecti onal  metal  products.  In  the 
case  of  a  vessel  it  n»y.  be  satisfactory  to  consider  a  material  which 
possesses  the  same  yield  and  ultimate  strength  for  longitudinal  and  cir¬ 
cumferential  specimens*. 

3*2  The  fundamental  effect  of  biaxiality  on  the  yield  strength 

(Fy)  is  the  subject  of  various  "plasticity  conditions." 

The  frequently  preferred  "distortion  energy"  hypothesis 
predicts,  for  the  stress  ratios  2/1  and  l/2,  a  yield  strength  value  of 
l/l6  times  that  for  uniaxial  tension,  and  for  the  stress  state  l/l  the 
same  yield  strength  as  in  tension. 

Another  theory,  the  msiximum  shearing  stress  theory,  pre¬ 
dicts  equal  yield  strength  values  in  all  biaxial  states,  including  2/l  and 
1/2. 

For  biaxial  conditions,  the  two  theories  are  usually  re¬ 
presented  by  a  square  and  an  ellipse  respectively,  with  the  two  principal 
stresses  as  coordinates,  (see  Fig.  l). 

3.3  Extensive  tests  on  a  variety  of  materials  primarily  on 

small  scale  tubular  specimens,  subjected  to  combined  longitudinal  stress 
and  internal  pressure,  have  been  conducted  since  1926  to  test  the  effects 
of  biaxiality  on  yield  strength  (l,  2,  3)***  The  results  of  these  tests 


*  These  two  tests  are  termed  uniaxial  tension  and  may  be  alternatively 
characterized  by  the  symbols  1/0  and  0/1  respectively. 

The  streps  state  in  the  cylindrical  portion  of  a  closed  vessel  is 
characterized  by  the  longitudinal  tension  being  one  half  of  the  cir¬ 
cumferential  tension.  It  is  given  the  symbol  1/2.  It  is  also  called 
plane  strain  state  because  the  length  of  the  case  remains  practically 
constant.  Ibe  symbol  2/1  applies  to  a  condition  of  plane  strain, 
where  the  longitudinal  tension  is  twice  the  circumferential  tension. 
The  tension  in  a  pressurized  sphere  are  equal  in  all  directions  and 
its  symbol  is  1/1.  This  state  of  stress  is  also  called  balanced  bi¬ 
axial  stress  state. 

**  Nundbers  refer  to  bibliography  at  end  of  text. 


1-4 


;4 


are  generally  between  those  predicted  by  the  two  theories  mentioned  in 

3.2  T^). 


Recently,  such  tests  have  also  been  extended  to  43^0  and 
D-6-A  steels  having  various  hardness  (5)*  The  D-6-A  steel,  in  par¬ 
ticular,  was  found  to  be  nearly’ nondirectional.  The  yield  strength 
values,  Fy,  derived  from  these  tests  are  given  in  Fig.  2.  The  tubular 
specimens  in  this  investigation  were  inachine;d  from  bar  stock,  2  in. 

OD,  2  in.  cylindrical  length  and  0.050  in.  wall  thickness.  Because 
of  the  relatively  thick  wall,  a  correction  of  2-1/2  percent  should  be 
added  to  the  measured  values  for  the  stress  states  1/1  and  1/2,  a.nd  of 
l“l/4  percent  for  the  stress  states  2/1  and  0/1.  These  are  derived 
from  the  distortion  energy  hypothesis.  The  average  yield  strength 
values  derived  from  these  tests  are  also  shown  in  Fig.  1  with  the  longr 
itudinal  yield  strength  as  ordinate  and  the  circumferential  stress  as 
abscissae. 

Fig.  1  and  Fig.  2  confirm  the  conclusion  derived  from 
previous  investigations  that  neither  of  the  two  plasticity  theories 
quantitatively  explains  the  dependence  of  yield  strength  Fy,  oh  bi- 
axiallty  (F^y  is  the  uniaxial  yield  strength  in  the  longitudinal  direct 
ion). 


The  ratio  Fy/F^y  for  the  stress  ratio  2/1  and  1/2  is 
found  to  be  close  to  1.12. 

The  ratio  Fy/F^y  for  the  stress  ratio  1/1  appears  also 
to  be  greater  than  1.0.  fee  data  in  Figures  1  and  2  yield  a  \'alue 
of  1.02,  but  considering  the  strain  equivalent  to  0.2  percent  offset 
in  uniaxial  tension  may  change  this  value. 

3.4  Burst  tests  on  small  and  full  size  motor  cases  have 
been  performed  in  a  number  of  instances,  but  only  a  few  investigators 
have  provided  yield  strength  values  for  the  cylindrical  portion. 

These  were  generally  compared  with  those  obtained  by 
tension  tests  on  small  specimens.  There  is  some  question  whether  the 
material,  as  well  as  the  definition  of  yield  strength  in  the  two  types 
of  tests  had  been  identical. 

One  of  these  investigations  yields  a  ratio  Fy/F^y  be¬ 
tween  1.04  and  1.23  with  an  average  value  of  1.12  (6).  Other  report¬ 
ed  data  (see  4.8)  give  values  for  this  ratio  between  about  0.95  and 
over  1.3* 


I-S 


k.  ULTIMATE  STRENGTH 

4.1  The  ultimate  burst  strength  of  a  ductile  vessel  is  a  very- 
complex  material  characteristic.  In  order  to  e-valuate  j.ts  significance 
and  to  establish  ratios  between  the  ultimate  strength  in  bursting  and  in 
uniaxial  tension,  not  only  blaxlality  but  also  the  stress  strain  character¬ 
istics  of  the  particular  material  need  to  be  considered. 

These  relations  have  been  explored  theoretically  and  to  a 
limited  extent  also  experimen-tally . 

4.2  In  order  to  analyze  the  effect  of  a  particular  material  its 
stress -strain  curves  for  various  biaxialities  should  be  known,.  The  various 
plasticity  theories  have  been  extended  in  this  respect,  and  numerous  invest¬ 
igations  have  shown  that  the  true  tensile  stress  required  to  produce  equi¬ 
valent  strains  depends  on  blaxlality  in  much  the  same  manner  as  the  yield 
strength,  (2,.  3,  7,  9, ,10).  This  means,  that  the  ratios  reported  for  yield 
strength  at  different  .biaxialities  also  apply  approximately  to  higher  stress 
es,  for  any  equal  -value  of  equivalent  or  effective  strain  defined  by  the 
theories.  Fig,  3  and  Pig.  4.  The  two  theories  yield  slightly  different  re¬ 
lations,  but  this  is  of  little  significance  for  the  problem  under  consider¬ 
ation,..  , 

The  stress-strain  curves  reported  for  D-6-A  steel  also  ap¬ 
pear  in  conformance  with  the  results  of  the  earlier  tests,  see  Fig.  5- 

4.3  The  ijarallellty  of  the  true-stress  versus  effective  strain 
curves  is  not  maintained  if  conventional  rather  than  the  true  stresses  are 
considered..  The  factors  which  transform  true  stress  into  conventional 
stress  are  different  for  different  biaxialities. 

Conventional  tension  stresses  generally  rise  with  increas¬ 
ing  strain  less  than  the  true  stress  and  pass  through  or  terminate  near  a 
flat  maximum,  see  Fig. 

4.4  The  existence  of  such  maxima,  which  are  usually  associated 
with  strain  localization  or  "necking"  is  quantitatively  explained  by  the 
theory  of  tenslonal  instability  (11,  12).  Ihis  theory  predicts  that  the 
burst  strength  is  reached  at  lower  strains  than  the  tensile  strength  (13)* 
Its  result  is  that  a  deduction  in  strength  should  be  made  when  comparing 
ultimate  burst  strength  with  tensile  strength.  This  deduction  depends  on 
the  strain  hardening  capacity  of  the  material.  This  problem  has  been  ex¬ 
tensively  studied  .for  both  pressurized  tubes,  spheres  and  bulges  (14-21). 

Although  the  existence  of  pressure  maxima  and  localized 
bulging  are  not  established,  the  elope  of  conventional  stress-strain 
curves  appears  clearly  to  be  less  steep  for  conditions  of  bursting  than 
for  thoae  leading  to  tenslonal  failure,  see  Pig.  5-  Of  particular  In- 


terest  here  is  the  difference  between  the  curves  for  plane  strain^  or 
the  stress  states  2/l  and  1/2. 

Tests  to  determine  the  validity  and  accuracy  of  the  theo¬ 
ry  of  tensional  instability  have  apparently  been  performed  only  on 
bulges  (l8,  19).  ' 

I 

4.5  The  tests  on  4340  and  D-6-A  steel  tubes  (22)  permits 
the  evaluation  of  the  tensional  instability  effect  for  high  strength 
steels.  Uie  results  of  the  tests  on  D-6-A,  Fig.  ,6  and  Fig.  7;  lead 
to  the  following  ratios  between  the  ultimate  strength, for  a  certain 
biaxlallty,  and  that  in  tension,  Ftu;  and  the  differences  between 
these  and  the  yield  strength  ratios  Fy/F^yi 


Stress  State 

Fu/Ftu 

1/0 

(1.0) 

,  2/1 

1.105 

1/1 

1.00 

1/2 

1.08 

Fy/Ftu  Fy/Ftu  -  Fu/f'tu 

(1.0)  (0) 

1.115  0.010 

1.02  0.02 

1.12  0.04 


These  small  scale  tests  yield  an  average  value  for  the 
burst  strength  of  a  closed  cylinder  about  8  percent  above  the  tensile 
strength.  For  the  stress  state  1/1,  corresponding  to  a  pressurized 
sphere,  the  tests  indicate  a  burst  strength  equal  to  the  tensile 
strength. 


In  agreement  with  the  theory,  the  values  for  bursting 
in  plane  strain  (1/2)  are  found  to  be  slightly  smaller,  by  2  to  3  per 
cent,  than  those  for  the  same  tensional  stress  state  (2/1). 

Furthermore,  the  ultimate  strength  ratios  for  conditions 
of  bursting  are  found  to  be  slightly  below  the  respective  yield 
strength  ratios.  This  also  agrees  with  theory. 

4.6  Numerous  burst  tests  have  been  performed  on  full  size 
rocket  cases  and  model  vessel  in  high  strength  steel  and  titanium 
which  are  described  in  other  parts  of  these  proceedings. 

A  comparison  of  the  (ultimate)  burst  strength  values 
with  the  tensile  strength  of  presumably  identical  material  leads  to 
ratios  between  0.95  and  I.25. 

A1 jhough  the  low  values  may  be  attributed  to  premature 
failures,  no  explanation  can  be  given  for  the  frequently  observed 
very  high  values. 
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-5 .  STRESS  CXJNCENTRATION  SENSITIVITY 

1 

5«1  Numerous  failures  have  been  encountered  in  the  develop¬ 

ment  and  proof  testing  of  motor  cases.  These  are  explained  by  the  stress 
concentration  sensitivity  of  ultra  high  strength  steel.  This  phenomenon 
is  the  biggest  obstacle  to  utilizing  the  strength  potential  of  these 
steels  and  other  alloys,  such  as  titanium  alloys,  i.e.  the  practical  use 
of  materials  having  maximum  (yield)  strength-to-weight  ratios. 

5.2  Steels  of  the  type  used  in  motor  cases,  however,  perform 
satisfactorily  in  the  form  of  forgings  for  landing  gear  and  other  parts. . 
Premature  failures  in  these  structures  are  prevented  by  combinations  of 
rigidly  observed  design,  manufacturing  and  fabricating  rules. 

In  addition,  notch  tensile  tests  have  been  developed 
prior  to  these  applications  of  such  steels  and  are  being  used  for  screen¬ 
ing  and  control  purposes. 

The  present  limit  of  applicability  of  ferritic  steels 
for  forgings  is  a  tensile  strength  of  about  29O  ksi  or  a  yield  strength 
of  about  270  ksi. 

In  contrast,  the  same  steel  types  are  used  in  motor  cases 
heat  treated  to  a  yield  strength  of  only  200  ksi  or  slightly  higher,  in 
order  to  avoid  premature  failures. 

5.3  Many  laboratory  tests  have  been  suggested  to  guard  against 
such  failures  and  to  evaluate  and  screen  materials  for  this  purpose.  How- 
evef,  it  is  only  very  recently  that  the  real  sources  of  the  difficulties 
begin  to  become  established  and  that,  a  critical  analysis  of  possible 
screening  and  design  teste  is  possible. 

5.4  Ihe  tests  in  use  and  under  consideration  are  predominant¬ 
ly  tensile  tests  on  flat,  one  to  three  inch  wide  specimens  provided  with 
some  type  of  center  notch  or  edge  notch. 

The  only  type  of  center  notches  investigated  are  cracks 
produced  by  various  methods.  Ibese  simulate  the  highest  possible  stress 
concentrations. 


Edge  notches  can  also  be  made  extremely  sharp  without  un¬ 
due  difficulties.  Test  results  on  specimens  having  a  width  of  only  one 
inch  indicate  that  they  respond  basically  in  the  same  manner  tp  the  sharp 
edge  notch  as  center-cracked  specimens  (23). 

The  radius  of  an  edge  notch  can  also  be  machined  readily 
to  any  desired  value,  simulating  a  corresponding  stress  concentration  (24). 


5.5  It  is  to  be  expected,  but  it  has  not  been  sufficiently  ex¬ 
plored,,  that  bend  tests  on  notched  specimens  yield  basically  the  same  in¬ 
formation  as  notch  tension  tests.  This  is  suggested  by  the  simple  relat¬ 
ion  obtained  from  such  tests  on  round  specimens.  Fig.  8  (25).  In  fact, 
according  to  these  tests,  the  notch  bend  test  appears  to  be  more  sensitive 
than  the  notch  tensile  test  in  the  strength  range  of  particular  interest. 

,  5.6  Bend  tests  on  unnotched  specimens  have  also  been  suggested 
and  it  is  claimed  that  their  results  relate  to  vessel  performance  (26). 

It  must  be  kept  in  mind,  however,  that  the  plane  strain  state  which  cha¬ 
racterized  a  closed  pressurized  cylinder  develops  only  in  relatively  wide 
bend  specimens,  as  discussed  in  paragraph  8.5- 

5.7  Particular  attention  in  the  literature  has  been  given  to  the 
significance  of  the  data  derived  from  precracked  or  sharply  notched  speci¬ 
mens  (23).  A  large  amount  of  such  data  has  been  and  is  continuously  being 
gehei^ated'^  and  its  value  for  screening  purposes  appears  well  established. 

However,  the  physical  significance  of  such  numerical  data, 
as  well  as  its  merits  for  design  purposes  is  a  very  controversial  matter. 

5.8  More  recently,  the  response  of  different  materials  to  stress 
concentrations  of  various  magnitude  is  .also  finding  considerable  interest 
and  practical  application. 


6.  GRIFFITH  THEORY 

6.1  A  design  philosophy  which  has  governed  various  applications 
of  metallic  materials  is  the  "fail-safe"  concept.  In  the  case  of  an  ex¬ 
tended  load -carrying  sheet  part  without  the  possibility  of  stress  relief 
the  fall-safe  concept  would  require  that  the  design  stress  for  this  struc¬ 
ture  not  exceed  its  strength  in  the  presence  of  cracks  which  may  exist  in 
this  structure. 


This  concept  has  been  expanded  to  limit  the  use  of  materials 
to  those  possessing  a  maximum  resistance  to  crack  propagation.  This  re¬ 
quirement  is  identical  or  nearly  identical  to  that  of  maximum  strength 
for  sharply  notched  specimens. 


6.2 

and  sharply 
materials . 
finite  body 


The  basis  of  all  evaluation  of  strength  data  for  cracked 
notched  specimens  is  Griffith's  theory  for  completely  brittle 
This  theory  postulates  that  the  grbss  strength,  cr  ,  of  an  in¬ 
sufficiently  ax>art  from  a  crack  having  a  length  2c  is 


a  =  Aj  /c 


(6.21) 


1-9 


vhere  A  Is  a  compound  material  constant  containing  the  surface  tension 
and  elastic  constants. 

The  conclusions  which  can  be  derived  from  this  equation 
are  easily  visualized  from  a  log-log  plot  of  CJ  versus  >rc'.  Fig.  9a. 

6.3  Griffith's  theory  has  serious  deficiencies. 

Uie  most  obvious  of  these  is,  that  it  extrapolates  to  ex¬ 
tremely  high  strength  for  very  small  cracks. 

To  reconcile  Griffith's  concept  with  the  fact  that  the 
strength  of  a  material  is  limited,  it  has  been  proposed  that  a  perfectly 
sound  nlaterlal  should  contain  cracks  of  a  certain  length.  This  concept 
is  not  proven  and  not  generally  accepted. 

6.4  To  explain  the  rather  high  energy  required  to  fracture 
metallic  materials,  plasticity  corrections  have  been  applied  to  Griffith's 
equation  (Weiss,  Session  4  of  these  Proceedings).  The  simplest  of  these 
increases  the  constant  A  in  the  equation  to  account  for  the  additional 
energy  'of  plastic  deformation  (28).  The  value  of  A  can  be  determined  by 

a  single  test. 

6.5  A  somewhat  more  refined  correction  uses  a  material  con¬ 
stant,  such  as  the  yield  strength,  in  addition  to  a  constant  which 
corresponds  to  that  in  Griffith's  equation.  Although  such  modificat¬ 
ions  have  been  based  on  consideration  of  the  stress  state  near  the  crack 
tip,  the  knowledge  of  elastic -plastic  theories  is  not  sufficiently  ad¬ 
vanced  to  allow  any  rigorous  or  convincing  approximate  treatment  of  this 
problem.  Also,  Griffith's  approach  circumvents  the  stresses  and  should 
not  be  mixed  with  any  stress  calculations  and  stress  concentration  con¬ 
cepts. 


i^parently  no  attempt  has  been  made  to  date  to  test  the 
full  implications  of  these  concepts. 


7.  NOTCH  arBraCTH  AND  STRESS  CONCENTRATION 

7.1  Hie  theory  of  finite  stress  concentrations,  as  present¬ 

ed  most  completely  in  Neuber's  book  (29),  offers  an  alternate  and  flex¬ 
ible  approach  to  the  strength  problem  of  notch  sensitive  materials. 

In  order  to  arrive  at  strength  rather  than  stress  values, 
the  theory  should  be  combined  with  some  theory  of  strength,  such  as  the 
maxlnnmi  (principal)  stress  theory*  Both  of  these  concepts  are  well  es- 
tabllshed  and  supported  by  tests. 


I-IO 


This  combination  postulates,  for  a  brittle  material,  that 
the  net  or  notch  strength,  0 


I  Ke  (7-U) 

where  0u  is  the  tensile  strength  of  the  (brittle  material)  and  Kg  is  the 
stress,  concentration  factor  determined  by  elasticity  theory. 

7.2  Considering  the  same  case  as  Griffith,  of  an  infinite  plate 
with  an  elliptical  notch  having  a  length  2c,  it  Is  necessary  to  assign  an 
end  radius,  r,  to  this  notch.  The  stress  concentration  is  then: 


=  1  +  2  /cTr 


(7.21) 


Inserting  in  equation  (.7 .21)  the  strength  becomes: 


o  =  iJN  =  I  Ke  = 

A  comparison  of  equation  (7*22)  in  Fig.  9b  with  Griffith's 
equation  in  Fig.  9a  shows  that  the  trend  of  both  is  equal  for  large  crack 
lengths,  but  that  the  former  is  more  realistic  for  small  crack  length 
values,  as  it  extrapolates  to  the  material  strength. 

7-3  Equation  (7. 11)  can  also  be  represented  as  a  straight  line 
under  45  degrees  in  a  log-log  plot  of  0  k  versus  Kg,  Fig.  10,  theoretical. 

,  Experiments  on  very  brittle  metals  Indicate  that  these  re¬ 

spond  to  stress  concentration  in  good  agreement  with  equation  (7.22), 
see  Fig.  10. 

7.4  However,  this  agreement  does  not  extend  to  very  high  stress 
concentrations.  The  limited  information  available  at  present  indicates 
that  if  ^  is  larger  than  about  10,  the  notch  strength  remains  nearly  con¬ 
stant  i 


The  inability  of  metals  to  retain  extremely  high  stress 
concentrations  has  already  been  recoil  zed  by  Neuber.  He  suggested  that 
this  can  be  formally  accounted  for  by  adding  a  material  constant  2  T)  to 
the  radius  r,  or  using  instead  of  r, 


r'  =  T4-  2i\ 


1-li 


7-5  The  notch  strength  of  commercial  alloys  Is  generally  con¬ 

siderably  greater  than  that  expected  and  observed  for  brittle  materials. 

The  most  significant  deviation  from  the  elastic  stress  con 
centration  theory  is  that  such  a  material  possesses  the  ability  to  relax 
stress  concentration  up  to  a  certain  limit. 

7.6  A  general  increase  in  notch  strength  can  be  obtained  the¬ 

oretically,  by  replacing  the  elastic  stress  concentration  Kg,  by  a  value 
Kp  reduced  by  the  plastic  flow  in  the  notch* 


Kp 


=  1  +  (Kg  -  1 ) 


^  = 
et 


e(Kg  -  1)  +  1 


(7.61) 


where  e  g  is  the  elastic  strain  at  failure,  e  p  is  the  plastic  strain  or 
ductility  of  the  metal  under  the  stress  conditions  present  in  the  notched 
section. 


=  fig  +  Ep  I  and  ® 


Examples  of  the  relations  resulting  from  these  correct¬ 
ions  of  the  stress  concentration  concept  are  illustrated  in  Pig.  10.  In 
this  graph,  the  value  2r\  is  assumed  to  be  0.0035  in.  and  e  e  is  varied 
between  0  (completely  plastic)  and  1.0  (completely  elastic). 

7.7  Equations  (7*11)  and  (7*6l)  contain  several  material 

constants.  These  are  known  to  depend  on  numerous  parameters.  Close 
agreement  between  theoretical  concepts  and  experimental  data,  therefore, 
cannot  be  expected  until  these  effects  are  fully  established  for  the  ma¬ 
terials  under  consideration. 


8.  NOTCH  STRENGTH,  BIAXIALITY  AND  DUCTILITY 

8.1  The  properties  of  metallic  materials  are  generally  observ¬ 

ed  to  be  very  diversified  and  impossible  to  fit  completely  into  a  rigid 
set  of  rules.  This  also  applies  to  stress  concentration  effects. 

^teterlal  characteristics  depend  on  numerous  variables  and 
the  laws  which  govern  them  are  virtually  unknown  for  high  strength  materials. 
The  major  variables  which  Influence  their  properties  are  the  following: 


*  Equation  (7*61)  is  similar  to  that  used  by  Hardrath  and  Ohman  (30)  for 
approximating  the  measured  change  in  stress  concentration  on  plastic¬ 
ally  straining  specimens  provided  with  stress  raisers. 
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(a)  Blaxiality  and  trlaxiality 

(b )  Temperature 

(c)  Strain  rate 

(d)  Section  size 

(e)  Stress  gradient 

8.2  Blaxiality  is  possibly  the  most  important  of  these.  The 
cylindrical  portion  of  a  vessel  is  subjected  to  a  stress  state,  which, 
as  far  as  is  known  to  date,  possesses  a  minimum  ductility.  On  the 
other  hand,  if  small  scale  tests  on  flat  specimens  are  performed,  the 
degree  of  blaxiality  may  differ  considerably  depending  on  the  specimen 
geometry.  In  order  to  understand  fully  the  significance  of  a  notch 
test  it  should  be  first  clarified  how  the  notch  strength  may  be  affect¬ 
ed  by  blaxiality. 

8.3  The  notch  sensitivity  of  titanium  alloys,  illustrated  in 
Fig.  10  comes  as  close  as  can  be  expected  to  a  uniform  behavior.  Their 
notch  strength  versus  stress  concentration  curves  at  room  and  low  temper¬ 
atures  form  a  simple  family  of  curves. 

A  comparison  of  these  curves  with  those  theoretically  de¬ 
veloped  in  Fig.  10,  however,  indicates  distinct  differences  in  two  re¬ 
spects,  namely: 

(a)  The  notch  strength  is  larger  than  the  tensile 
strength  at  low  stress  concentrations. 

(b)  The  change  from  these  high  values  to  low  va¬ 
lues  at  high  stress  concentrations  is  more  ab¬ 
rupt  than  indicated  in  the  theoretical  curves. 

(c)  In  addition,  it  is  noted  that  these  effects 
develops  within  a  limited  range  of  stress  con¬ 
centration.  In  the  present  tests  this  range 
appear  to  be  below  K  =  8. 

8.4  To  explain  the  differences,  it  should  be  understood  that 
the  uniaxial  stress  state  in  a  smooth  tensile  test  is  replaced  by  a 
complex  condition  in  a  notched  section.  In  particular,  blaxiality  is 
developed  in  the  notch  bottom  and  trlaxiality  inside  of  the  metal. 

These  result  generally  in  two  effects,  namely: 

(1)  An  increase  in  the  resistance  to  plastic  flow  and, 
therefore,  in  the  strength  of  a  ductile  material. 

(2)  A  decrease  in  ductility  and,  therefore,  increase 
in  notch  sensitivity. 
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8.5  Blaxiality  in  the  notch  bottom  Increases  as  the  notch 

radius  decreases.  Triaxiality  inside  of  the  specimen  is  probably  close¬ 
ly  related  to  the  biaxiality  and  should  follow  the  same  trend. 

From  the  analogy  of  the  stress  gradients  in  a  notched 
tension  and  in  a  smooth  bend  specimen,  it  can  be  expected  that  the  limit¬ 
ing  condition  of  plane  strain  is  reached  if  the  notch  radius  is  less  than 
about  1/8  of  the  metal  thickness  (see  Weiss,  Session  4  of  these  Proceed¬ 
ings  ) . 


8.6  Both  biaxiality  and  triaxiality  reduce  the  ductility  of  a 
metal . 

The  increase  in  these  quantities  with  increasing  stress 
concentration,  therefore,  explains  both  major  discrepancies  between  the 
test  data  and  the  stress  concentration  effects  predicted  on  the  basis  of 
a  constant  ductility,  namely: 

(a)  That  the  actual  notch  strength  first  gradually 
Increases  with  stress  concentration. 

(b)  That  the  notch  strength  rather  suddenly  decreases 
for  a  comparatively  small  increase  in  stress  con¬ 
centration. 

8.7  The  effect  of  biaxiality  on  ductility  has  been  determined 
in  a  number  of  instances,  by  two  different  methods. 

Tests  on  tubes,  subjected  to  combined  axial  stress  and 
internal  pressure,  can  be  conducted  to  yield  a  controlled  degree  of  bi- 
axiality,  as  already  discussed  in  paragraph  3*3' 

The  results  of  earlier  tests  of  this  type  are  not  quite 
clear,  because  of  large  scattering  (31,  32).  The  more  recent  tests  by 
Fitzgibbon  and  Goodman  (22),  however,  reveal  that  the  ductility  of  high 
strength  steels  in  the  plane  strain  state  is  greatly  reduced  from  the 
uniaxial  value. 


8.8  In  bend  tests  on  flat  specimens,  biaxiality  is  present 

at  the  center  of  the  convex  surface.  Fig.  >11.  It  increases  from  uni- 
axiallty  to  plane  strain  as  the  width-to-thickness  ratio  of  the  speci¬ 
men  becomes  larger  (34). 

The  ductility  decreases  in  relation  to  the  biaxiality. 
For  aluminiim  alloy  and  soft  steel  the  ductility  for  plane  strain,  i.e. 
for  wide  specimens,  is  found  to  be  roughly  one  half  of  the  tensile  duct¬ 
ility. 
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8.9  Another  possible  method  of  studying  the  effect  of  biaxial - 
ity  on  ductility  is  bulging.  Plane  strain  occurs  in  a  bead  and  balanced 
biaxial  stress  occurs  in  a  spherical  bulge. 


9.  EFFECTS  OF  TEMPERATURE,  STRAIN  RATE,  SECTION  SIZE  AND  STRESS  GRADIENT 

9.1  For  many  metals,  a  small  change  in  biaxiality,  as  well  as  in 
various  other  basic  parameters  is  associated  with  a  rather  small  change  in 
ductility. 


This  explains  the  comparatively  smooth  appearance  of  the  notch 
strength  versus  stress  concentration  curves  for  most  titanium  alloys. 

9*2  Ferritic  steels,  however  (and  a  number  of  other  metals)  are 
known  to  exhibit  very  large  changes  in  ductility  for  small  changes  in  a 
critical  temperature  or  strain  rate. 

Fig.  12  illustrates  that  the  transition  temperature  of  an 
ultra  high  strength  steel  also  depends  greatly  on  the  stress  concentration 
factor  (24)-.  The  basic  variable  is  then  presumably  the  degree  of  biaxiality 
as  discussed  in  paragraph  8.5. 

9.3  Such  a  shift  in  transition  temperature  is  equivalent  to  an  ab¬ 
rupt  change  in  notch  strength,  as  ths  stress  concentration  is  changed  only 
slightly.  This  explains  the  irregularities  and  inconsistencies  frequently 
observed  on  sheet  steels  in  tpis  respect. 

9.4  Regarding  the  effects  of  other  basic  parameters,  very  little 
is  known  for  high  strength  materials. 

9.5  The  strain  rate  effect  is  considered  to  be  tied  in  with  temper¬ 
ature.  Increased  strain  rate  is  considered  to  be  equivalent  to  a  (slight) 
reduction  in  test  temperature. 

9.6  The  section  size  effect  for  notched  specimens  may  be  also 
considered  as  an  effect  of  stress  gradient. 

It  may  be  mentioned  that  the  effect  of  specimen  width,  for 
either  a  highly  brittle  material  or  for  seraibrittle  ultra  high  strength 
steels.  Fig.  13,  is  found  to  be  considerably  smaller  than  to  be  expected 
from  any  theory  of  the  effects  of  section  size  available  at  present. 

This  applies  particularly  to  attempts  of  fitting  the  section 
size  effect  into  Griffith's  theory.  This  hypothesis  never  intended  to 
cover  the  section  size  effect.  (It  has  been  considered  for  glass,  assum¬ 
ing  that  cracks  are  present  and  that  they  differ  in  length  for  different 
section  sizes). 
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10.  MATERIAL  PROBLEMS 

10.1  This  paper  is  devoted  primarily  to  the  performance  of  the 
metallic  materials  which  are  used  to  date  for  rocket  fuel  cases.  These  are 
the  heat  treatable  ferritic  steels,  having  a  tensile  strength  level  well 
above  200  ksi  and  generally  known  under  the  name  "ultra  high  strength  steels." 

The  metallurgical  developments  leading  to  improved  performance 
of  such  steels  concern  the  entire  range  of  alloy  chemistry  and  product  techno¬ 
logy. 

The  two  targets  of  such  developments  are: 

(Ij  A  maximum  (yield)  strength-to-weight  ratio 

(2)  A  minimum  notch  sensitivity 

10.2  Properly  produced  steel  sheet  is  characterized  by  nearly 
identical  properties  in  the  various  directions. 

Another  group  of  potential  rocket  case  materials,  the  heat 
treated  titanium  alloys,  exhibits  low  directionality  properties.  Thqr  possess 
properties  slightly  superior  to  those  of  the  ultra  high  strength  steels.  This, 
applies  both  to  their  strength-to-weight  ratio  and  to  their  notch  sensitivity. 
Fig.  l4,  and  particularly  also  to  their  notch  sensitivity  at  low  temperatures. 

10.3  There  also  exists  a  variety  of  potential  homogeneous  and  com¬ 
posite  materials  for  this  application.  Some  of  these  appear  to  possess  a  po¬ 
tentiality  considerably  superior  to  those  of  ferritic  steels  and  titanium  alloys. 

However,  all  these  materials  exhibit  directional  properties.  The 
Information  available  to  date  for  their  basic  strength  properties  is  very  limit¬ 
ed,  and  no  attempts  have  been  yet  made  to  analyze  its  significance  for  pressure 
vessel  strength. 

10.4  As  far  as  the  nondirectional  materials  in  use  or  under  consider¬ 
ation  are  concerned,  it  appears  that  their  potentialities  are  clearly  limited. 

Substantial  increases  in  yield  strength  of  ferritic  steels  and 
titanium  alloys  by  variations  in  chemistry,  fabrication  or  heat  treating  are  ac¬ 
companied  by  a  rapid  Increase  in  notch  sensitivity.  Fig.  l4. 

10.5  Prese.ct  efforts  are  devoted  to  three  areas,  namely; 

(a )  To  obtain  comparatively  small  increases  in  yield 
strength,  with  other  properties  being  kept  sub¬ 
stantially  constant. 


(b )  To  obtain  an  improved  structure  which  reduces 
notch  sensitivity. 

(c)  To  develope  fabricating  procedures  which  either 
eliminate  and  reduce  stress  concentrations  or 
which  reduce  the  response  of  the  metal  to  stress 
concentration. 

10.6  Regarding  the  yield  strength  of  heat  treated  steels,  it  may  be 
pointed  out  that  the  strongest  ultra  high  strength  steels  possess  a  yield 
strength  which  is  exceptionally  low  in  comparison  to  their  tensile  strength. 
This  should  leave  a  considerable  margin  for  improvement. 

However,  it  appears  that  very  little  is  known  about  chemical 
and  other  factors  which  determine  the  yield  strength  characteristics  of 
steels,  and  about  possible  procedures  which  may  increase  the  yield-strength- 
to-tensile-strength  ratio. 

10.7  Structural  improvements  of  steels  have  been  effected  by  numer¬ 
ous  measures.  These  range  from  vacuum  melting  to  various  closely  controlled 
forming,  heat  treating  and  welding  operations. 

The  result  of  these  fabricating  procedures  is  frequently  a 
homogeneous  structural  and  mechanical  condition. 

10.8  The  problem  of  evaluating  the  effects  of  deviations  from  a 
homogeneous  and  isotropic  condition  has  found  little  attention. 

The  suitability  of  notch  tests,  for  example,  for  predicting 
the  performance  of  steel  vessels  with  a  decarburized  surface  appears  to  be 
questionable.  Tests  on  specimens  machined  from  vessels  in  steels  decarb¬ 
urized  by  different  amounts  (Murphy,  Session  6  of  these  Proceedings)  indi¬ 
cate,  according  to  Fig.  15,  that  the  vessel  strength  well  correlates  with 
notch  strength,  if  the  steel  is  only  slightly  decarburized.  However, 
severe  decarburization  which  leads  to  higher  vessel  strength,  only  slight¬ 
ly  increases  the  notch  strength  of  specimens  which  are  decarburized  at  the 
flat  surfaces  but  not  at  the  notch  surface. 


11.  LOW  CYCLE  FATIGUE 

11.1  A  general  phenomenon  observed  in  testing  strong  materials 
is  failure  on  repetition  of  a  load  cycle  below  that  carried  on  the  pre¬ 
vious  test  without  any  indication  of  damage.  This  phenomenon  is  called 
Low  Cycle  Fatigue. 

Such  premature  failures  have  been  also  oDserved  on  proof 
testing  motor  cases,  where  the  proof  test  was  performed  more  than  once. 
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11.2  The  general  explanation  for  such  failures  is,  according  to 
present  concepts,  a  gradual  deterioration  of  the  metal  under  repeated  load¬ 
ing.  It  is  assumed,  hereby,  (a)  that  the  load  cycle  is  associated  with 
plastic  deformation  and  (b)  that  at  each  load  cycle,  a  portion  of  the  duct¬ 
ility  of  the  metal  is  consumed. 

11.3  In  regular  fatigue  tests  on  uniform  smooth  specimens  this 
effect  is  hidden.  The  metal  appears  to  be  strengthened  by  the  first  few 
cycles  and  generally  fails  only  after  a  considerable  number  of  cycles  if 
the  load  is  slightly  below  its  strength. 

However,  tests  on  notched  specimens. of  notch  sensitive  ma¬ 
terials  clearly  show  a  considerable  decrease  in  fatigue  strength  at  a  few 
cycles  (25).  , 

11.4  Further  information  on  low  cycle  fatigue  is  rather  limit¬ 
ed.  Apparently,  only  one  investigation  by  Padlog  and  Rattinger  (33 )>  is 
directly  applicable  to  steel  cases. 

This  data,  although  rather  incomplete,  appears  to  reveal 
several  facts  of  general  significance,  namely; 

(a)  At  low  cycles  a  pressurized  tubular  section  possesses 
a  considerable  lower  fatigue  life  than  a  flat  speci¬ 
men. 

(b )  This  difference  is  about  the  same  as  that  between 

a  smooth  and  a  notched  flat  specimen,  while  at  high¬ 
er  cycles  the  smooth  tube  possesses  higher  fatigue 
strength. 

(c)  Notching  has  a  comparatively  small  effect  on  the  low 
cycle  fatigue  strength  of  tube. 

(d)  Consequently,  the  low  cycle  behavior  of  notched  tube 
and  sheet  differs  considerably  less  than  that  of  smooth 
specimens . 

11.5  Several  investigators  are  now  concerned  with  fatigue  crack 
propagation  in  sheet.  The  results  obtained  to  date  concern  slow  crack  move¬ 
ments  leading  to  failure  at  comparatively  large  numbers  of  cycles. 
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LONGITUDINALLY 


FIG.i  YIELD  STRENGTH  DATA  FOR  STEEL  CYLINDERS  IN  COMBINED  LONGITUDINAL 
AND  CIRCUMFERENTIAL  TENSION 
(DATA  E£  FITZGIBBC»J-GOODMANN  i960) 
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FIG. S'  YIELD  STRENGTH  VALUES  FOR  D-6-AC  STEEL  TUBES 
UNDER  COMBINED  TENSION  AND  PRESSURE 
(DATA  BY  GOODMAN  ET  AL  I960) 
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FIG.  3  TRUE  STRESS  -  TRUE  STRAIN  CURVES  FOR  VARIOUS  BIAXIALITIES  FROM  TESTS 
ON  ALUMINUM  ALLOY  TUBES  (OSGOOD  194?) 
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no.  5  CONVENTIONAL  STRESS  -  STRAIN  CURVES  FOR  D-6-AC  STEEL 
TUBES  UNDER  COMBINED  TENSIOI  AND  PRESSURE 
(DATA  FITZOIBBON-QOOEMAN  I960) 
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FIG.  6  ULTIMATE  STRENGTH  VALUES  FOR  D-6-AC  STEEL  TUBBS 
UNDER  COMBINED  TENSION  AND  PRESSURE 
(DATA  BY  FITZGIBBON-GOODMAN  I960) 


FIG.  7  ULTIMATE  STRENGTH  DATA  FOR  STEEL  CYLINDERS  IN  COMBINED 
LONGITUDINAL  AND  CIRCUMFERENTIAL  TENSION 
(DATA  BY  FITZGIBBON-GOODMAN  i960) 
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FIG.  8  RELATION  BETWEEN  NOTCH  BEND  STRENGTH  AND  NOTCH 
TENSILE  STRENGTH  OF  43^0  STEEL 
(DATA  BI  SCHEVEN-SACHS  1957) 


FIG.  9a  GRAPHIC  REPRESENTATION  OF  SUGGESTED  RELATIONS  BETWEEN  STRENGTH 
OF  AN  INFINITE  PLATE  WITH  AN  ELLIPTICAL  CRACK  OR  HOLE 
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FIG.  10  COMPARISON  OF  EXPERIMENTAL  CURVES  AND  THEORETICAL  CURVES  (LOG-LOG  REPRESENTATION) 
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FTO.  11  EFFECT  OF  WIDTH  TO  THICKNESS  RATIO  OF  BENT 
ALUMINUM  ALLOY  SPECIMENS  ON  STRAIN  RATIO, 
STRESS  STATE  AND  DUCTILITY 
(SANGDAEL-AUL-SACH8  1946) 
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FIG.  13  COMPARISON  OF  WIDTH  EFFECT  FOR  HIGH  STRENGTH 
4340  STEEL  AND  A  BRITTLE  TITANIUM  ALLOT 
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FIG.  .14  COMPARISON  OF  THE  NOTCH  STRENGTH  RATIOS  OF 

FERRITIC  STEELS  AND  TITANIUM  ALLOY  FOR  EQUAL 
YIELD  STRHJGTH  TO  WEIGHT 
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RATIO  VESSEL  BURST  STRERGTH  TO  TENSILE 
STRENGTH 
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ARMY  REQUIREMENTS 


JOHN  J.  BURKE 

Ordnance  Materials  Research  Office 


|^  The  three  Services  are  concerned  with  the  problems  associated 

with  conducting  modem  warfare.  As  a  result,  the  problems  each 
encounters  In  the  use  of  high  strength  sheet  materials  are  similar 
although  subtle  differences  dp  exist.  Since  the  problems  are  associ¬ 
ated,  we  have  a  large  community  of  interest  in  the  behavior  of  sheet  mate* 
rials  emd  thus  the  probability  that  some  of  the  difficulties  will  be 
eliminated  in  the  near  future  Is  Increased. 

When  one  looks  back  over  the  years  and  considers  the  requirements 
of  the  Army  In  our'  early  history,  one  finds  such  expressions  as  "keep 
your  powder  dry"  and  "don't  fire  until  you  see  the  whites  of  their  eyes"; 
how  uncoopllcated  it  Vas  to  wage  war  at  Lexington  and  Bunker  Hill.  How¬ 
ever,  the  world  has  changed  and  so  have  the  Army  requirements.  Today 
we  have:  the  responsibility  of  equipping  an  Amy  that  must  be  transport¬ 
able  quickly  to  any  area  of  the  Globe,  must  be  prepared  to  flc^t  a  deelelve 
war,  and  must  be  a:|>Ie  to  carry  its  own  supplies  of  fuel,  food,  and  asmnml- 
tlon.  The  heart  of  the  problem  Is  mobility;  llght-wel^t,  compact  eqjuip- 
ment. 


The  Amy  has  many  problems  to  solve  In  order  to  have  an  Instantaneous, 
retaliatory  fighting  , Group.  However,  one  of  the  most  urgent  problems  Is 
that  associated  with  hi^  strength  sheet  material.  It  must  appear  Ironic 
to  the  layman  on  being  Informed  that  the  Stanley  Steamer  had  a  boiler 
constructed  by  a  roll  and  weld  procedure  and  in  addition  vas  wire  wrapped 
that  today.  In  I960,  one  of  the  most  serious  limiting  factors  In  the 
construction  of  missiles  Is  the  fabrication  of  a  case  to  retain  the  pro¬ 
pulsion  pressures. 

This  conference  has  been  set  up  to  bring  together  some  ol!  the  best 
Bdnds  In  the  field  of  research  to  consider  In  detail  and  to  take  'a  hard 
look  at  the  problems  in  the  use  of  sheet  materials.  It  is  quite  apparent 
that  the  problems  relating  to  sheet  materials  encooqpass  a  wide  spectrum  — 
from  the  preparation  of  the  materials  from  the  raw  state  —  through  the 
working  of  the  metal  —  fabrication  —  Joining  —  testing,  etc.,  until 
it  ends  up  as  a  component  that  conforms  and  operates  as  the  design  calls 
for.  During  the  next  few  days,  many  of  the  problems  relating  to  sheet 
iqaterlals  will  be  explored  In  depth. 

Perhaps  It  would  be  appropriate  to  state  the  Ordinance  Corps  philosophy 
as  It  pertains  to  materials.  The  Ordnance  Corps  feels  that  once  the  require¬ 
ments  of  a  certain  application  of  a  material  are  determined  euid  appropriate 
test  procedure  set  up  to  assure  compliance,  then  Industry  should  have  the 
freedom  of  selecting  the  appropriate  material  and  treatments.  This  approach 
has  been  used  in  nuaerous  procurement  actions  and  has  proven  to  be  a  very 
feasible  method.  However,  this  state  of  affairs  has  not,  as  yet,  been 
reached  for  high  strength  sheet  materials  for  mleslle  applications. 
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When  one  asks  vhat  the  Army  requirements  in  sheet  material  are,  he 
is  asking  a  question  that  is  rather  difficult  to  answer  in  ten  minutes. 

The  Army  uses  sheet  materials  in  a  nuzaber  of  items  that  extend  from  its 
grass  roots  use  in  body  armor  and  helmets  to  missiles  and  rocket  appli¬ 
cations.  A  few  of  the  uses  in  the  Services  are  hi^  strength/li^t 
weight  pipes,  thin  sheets  stiffened  by  dimpling,  material  for  use  in 
vertical  take-off  craft  or  craft  that  hover  a  few  feet  off  the  groubd 
and  skim  over  the  terrain.  In  addition,  we  have  the  use  of  sheet 
material  in  bridges,  landing  mats,  and  numerous  other  applications. 
However,  the  problems  xmlating  to  sheet  materials  for  missiles,  rockets 
and  erecter  lazmchers  are  perhaps  the  most  severe  from  a  wel^t-load 
consideration . 

The  requirements  or  boundary  conditions  of  a  mikterlal  are  dictated 
by  how  an  Army  must  oi>erate.  Thus  high  strength  sheet  material  for 
missiles  or  rockets  must  possess  certain  properties  that  would  not  be 
critical  for  other  Army  uses. 

The  Army  has  a  strong  Interest  in  solid  propellant  missiles,  the 
basic  reason  being  that  it  Is  a  weapons  system  that  offers  instantaneous 
retaliatory  capability  while  clrczamrentlng  the  problems  of  storage  and 
handling  associated  with  liquid  propellant  systems 

The  next  consideration  is  the  wel^t  of  the  inert  parts  of  the 
missile.  For  every  decrease  in  weight  of  these  paz^s,  substantiail 
gains  are  made  in  the  range  or  payload  of  the  missile.  The  principle 
areas  where  savings  in  weight  may  be  realized  are  the  combustion  chamber 
section  including  the  forward  and  aft  enclosure  bulkheads,  the  nozzle 
section  and  the  vector  control  devices. 

The  motor  casing  is  subjected  to  a  pattern  of  stresses  due  to 
the  cosibustlon  of  the  fuel  and  those  imposed  due  to  fli^t.  ^e  skin 
temperature  usually  does  not  exceed  300-k00*F  while  the  fuel  burning 
tempsrature  is  aromd  kOOO-3000*?  and  lasts  for  a  time  interval  of 
a  few  seconds  to  around  90  seconds. 

The  requlremisnts  of  the  Army  for  sheet  materials  for  use  in 
missiles  may  now  be  stated.  Broadly  speaking,  at  present  we  want 
motor  casings  with  a  strength/density  ratio  of  around  1,000,000. 

However,  once  this  goal  has  been  firmly  reached,  our  requirements 
will  be  raised.  This  is  necessary  to  assure  the  develoipent  of  more 
efficient  weapons  systems. 

Having  a  high  strength/light  weight  material  is  not  enou^.  The 
material  must  be  reliable  in  all  aspects  which  are  many  and  contingent 
on  freedom  from  flaws,  possession  of  high  fracture  toughness,  good 
corrosion  resistance,  and  formablllty  and  Jolnablllty. 

The  best  candidate  materials  today  are  steel,  titanium  alloys 
and  certain  reinforced  plastics.  In  order  that  these  candidates  qualify 
as  rocket  materials,  it  is  necessary  to  develop  their  high  strength  poten¬ 
tial.  This  is  being  done  by  conventional  heat  treatment,  alloy  develop¬ 
ment  and  by  plastic  working  of  the  material. 
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Qae  of  the  Army  programs  being  carried  out  in  this  area  covers 
a  study  of  the  effects  of  mechanical  and  thejmal  processing  on  high 
strength  steels,  including  the  effect  of  reta/ined  austeuite  and  stress 
induced  martensite  on  mechanical  properties.  The  effects  of  prestrain¬ 
ing  and  aging  are  aleo  being  investigated. 

The  less  conventional  methods  being  studied  are  thexnal-mechanlcal 
sequence,  flow  teaiperlng,  ccaqposltes,  etc.  "Plow  Tenpering",  which  is 
a  conibination  of  cold  working  and  tempering  applied  to  quenched  or 
isothensally  treated  steels  is  a  typical  program.  The  steels  so  treated 
are  then  tested  to  detezulne  the  effect  of  the  process  on  their  strength > 
ductility  and  toug^ess. 

The  next  step  in  the  development  of  a  missile  wo\ald  be  foimlng. 

The  basic  methods  used  to  form  the  sheet  material  into  a  motor  casing 
are  the  roll  and  weld  metal,  the  use  of  mechanical  ring  forgings  or 
roll  forming  a  forged  pre-foim.  Tlader  investigation  are  spinning,  deep 
drawing,  wire  wrap,  strip  wrap  and  the  other  novel  methods  with  which  we 
are  all  familiar.  I  mi^t  iMntion  a  couple  of  the  Ally's  programs;  one 
covers  the  development  of  ultra-high  strength  rocket  cases  by  cryogenic 
stretch  forming  of  annealed  stainless  steels.  Another  one  Is  to  develop 
high  strength  rocket  motor  cases  utilizing  interlocked  titanium  wire . 

Equally  Important  are  the  methods  by  which  the  components  are 
Joined  together.  The  weld  Joint  efficiency  should  be  better  than  90 
percent.  However,  there  have  been  cases  when  it  has  been  necessary  to 
accept  values  somewhat  lower  and  to  compensate  by  design  changes. 

The  Army  has  a  program  investigating  the  effects  of  Joint  width 
on  the  properties  of  electron  b,eam  weld  using  certain  titanium  alloys. 

A  second  investigation  is  concerned  with  the  nature  and  distribution 
of  micro  and  macro  cracks  and  porosity  in  hi£^  strength  weld  metals,  and 
the  effects  of  such  flaws  on  mechanical  properties.  IHie  causes  of  such 
flaws  are  being  Investigated  and  attempts  to  eliminate  thoa  carried  out. 

Testing  of  the  welds  of  the  motor  casings  has  presented  some  foimid- 
able  difficulties.  I  might  mention  that  the  Axmy  is  investigating  the  use 
of  Infrared  techniques  for  examination  of  the  welded  Joints  in  thin  sheet 
material.  It  is  hoped  that  the  technique  can  be  extended  to  examlttatlon 
of  the  complete  motor  case. 

Finally,  we  are  supporting  work  on  the  mechanics  of  fracture.  At 
present,  steels  with  a  yield  strength  of  225, OCX)  psl  or  greater  present 
problems  of  low  fracttire  toughness  aggravated  by  potentleil  fracture 
centers.  In  this  regard,  there  is  a  definite  need  for  more  basic 
knowledge  about  strain  hardening  and  fracture  swchanlsms.  The  Axmy 
jpt  would  like  to  be  able  to  use  steels  with  a  300,000  psl  yield  strength 

and  still  have  sufficient  toughness  and  ductility. 

Titanium  alloys  and  especially  some  of  the  newer  all -beta  alloys  give 
promise  of  exceeding  a  itrength/density  ratio  of  over  1,000,000.  However, 
there  are  other  problems  associated  with  the  use  of  titanium  that  will 
be  discussed  at  this  conference. 
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Therefore^  n^etlng  of  the  Any  requlrei*ents  Is  contlngexit  upon 
development  of  materials,  control  of  processing,  fabrication,  under¬ 
standing  the  fracture  process  and,  finally,  test  methods  and  specifi¬ 
cations  of  piropezties.  The  program  scheduled  for  the  next  fev  days 
shotild  place  these  problems  in  their  right  perspective  and  should 
provide  some  insight  on  possible  solutions. 


HIGH  STRENGTH  SHEET  AND  PLATE  IN  NAVY  EQUIPMENT 


T.  F.  Kearns- 
He-'d,  Metals  Branch 
Bureau  of  Naval  Weapons 


The  Navy,  in  the  performance  of  its  assigned  missions  in 
national  defense,  operates  a  very  wide  variety  of  equipment.  The 
ships  and  submarines  at  sea,  aircraft  and  related  equipment  with 
the  carrier  task  groups,  in  anti-submarine  patrol  and  reconnais¬ 
sance,  the  complement  of  missiles  needed  for  naval  purposes  and, 
more  recently,  activity  in  the  space  field  as  well  as  the  amphibious 
and  ground  equipment  needed  by  the  U.  S.  Marine  Corps  present  an 
extremely  broad  and  varied  series  of  requirements  for  materials  of 
construction  in  sheet  or  plate  form. 

The  breadth  and  variety  of  the  Navy  requirements  makes  It 
completely  impracticable  to  attempt  a  listing,  even  In  outline  formi 
for  presentation  at  this  conference  In  any  reasonable  amount  of 
time.  Moreover,  since  the  interests  both  of  the  Anqy  and  of  the 
Air  Force  are  In  many  cases  Identical  with  ours,  when  similar  equip¬ 
ment  la  being  discussed,  there  would  be  considerable  duplication 
should  an  extensive  listing  of  requirements  be  attempted.  The 
following  information,  therefore,  represents  merely  examples  of 
Navy  requirements  selected  to  illustrate  specific  needs. 

Strength  Considerations  -  The  requirement  which  commands  first 
attention  in  practically  all  structiural  material  development  is 
tensile  strength.  This  is  usually  spoken  of  as  a  strength/weight 
ratio  because  in  so  many  structural  eppllcatlons,  where  low  weight 
is  at  a  premium,  it  is  in  fact  the  strength/weight  ratio  rather  than 
strength,  per  se,  which  is  significant.  However,  this  is  not  always 
the  case.  Flgxire  1  illustrates  a  trend  in  airfoil  shape  that  has 
been  in  progress  for  many  years.  In  an  airfoil  which  is  a  cantilever 
beam  we  are  not  at  liberty,  as  the  iDeeun  depth  decreases,  to  Judge 
materials  solely  on  a  strength/weight  basis  inasmuch  as  the  effec¬ 
tiveness  of  the  material  varies  with  its  distance  from  the  neutral 
axis.  In  some  of  the  very  thin  wings  we  find  that  materials  with 
lover  strength/velght  ratios  are  actually  more  efficient  than  lover 
density  materials  of  higher  strength/weight  ratio.  In  addition  to 
the  matter  of  structural  efficiency  we  are  frequently  space-limited 
wherein  materials  of  the  highest  possible  tensile  strength  per  se 
are  required.  The  fittings  which  attach  the  very  thin  airfoil  to 
adjacent  structure  are  examples  of  these  applications. 
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In  the  last  several  years,  as  emphasis  in  flying  vehicles 
has  shifted  from  manned  aircraft  to  missiles,  there  has  been  not 
the  slightest  decrease  in  the  pressure  exerted  by  design  engineers 
on  the  materials  fraternity  to  make  available  to  them  construction 
materials  of  even  higher  strength/weight  capabilities. 

The  Polaris  missile  is  typical  of  the  end-items  involved.  At  the 
present  time  alloy  steel  of  200,000  psi  yield  strength  is  a  typical 
case  construction  material.  However,  the  pressure  for  higher  strength/ 
weight  materials  of  construction  will  inevitably  force  an  increase 
in  this  figure.  The  driving  force  behind  this  requirement  is  simple 
and  Is  illustrated  in  Figure  2,  It  is,  in  fact,  even  more  important 
in  missile  construction  than  it  was  in  the  construction  of  manned 
aircraft  that  materials  with  the  very  highest  capabilities  be  avail¬ 
able  for  design  use. 

In  another  field,  that  of  the  submarine,  the  Navy  would  profit 
greatly  from  an  increase  in  sheet/plate  material  performance. 

In  a  typical  vehicle  the  material  concerned  is  that  which  forms 
the  pressure  hull.  A  submarine  is  so  designed,  by  location  of  Inter¬ 
nal  stiffeners  and  bulkheads,  that  the  critical  mode  of  failure  of  the 
pressure  hull  Is  oompr^sslon  yielding.  For  operational  purposes  there 
are  considerable  advantages  to  be  attained  from  an  Increase  in  the 
maximum  operating  depth  capability  of  submarines  and  the  Navy,  there¬ 
fore,  has  a  requirement  for  submarines  with  this  capability.  Figure  3 
Indicates  what  this  means  in  terms  of  material  parameters.  The  niunbers- 
have  been  omitted  to  keep  this  presentation  unclassified.  However,  the 
advantage  of  a  high  compressive  yield  strength/weight  ratio  in  hull  ma¬ 
terial  should  be  apparent. 

Sheet  and  plate  materials  for  use  in  the  very  high  temperature 
regimes  encounter,  generally,  a  somewhat  modified  set  of  materials  pa¬ 
rameters.  Perhaps  the  most  significant  change  from  the  customary 
lower  temperature  parameters  is  the  entry  of  time  as  a  major  variable. 
Short-time  properties,  stress-rupture  strengths  and  creep  strengths 
become  determinants  of  material  performance. 

There  has  been  so  much  said  and  written  on  the  need  for  im¬ 
proved  high  temperature  materials  that  repetition  here  would  serve 
no  purpose.  However,  in  the  area  of  very  short  time  properties,  there 
is  one  point  that  seems  to  deserve  greater  emphasis  than  it  is  cur¬ 
rently  being  apoorded.  This  concerns  the  heat  treatment  condition  in 
which  materials  are  tested  for  very  short  time  (seconds)  properties. 

In  most  evaluation  and  testing  programs  designed  to  examine  the  short- 
time  high  temperature  properties  of  materials  we  find  that  the  materials 
are  being  tested  in  heat  treatment  conditions  which  represent  desirable 
long-time  service  oondltions.  Aluminum  alloys  fully  aged,  steels  fully 
heat-treated  eto.  by  procedures  established  not  for  short-time  but  for 
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long  time  performance.  It  is  not  clear  how  great  an  advantage  may 
be  attainable  through  tailoring  the  heat  treatment  to  maximize  short- 
time  performance.  However  it  would  certainly  seem  worthy  of  consid¬ 
eration  and  this  avenue  of  approach  is  suggested  as  one  means  of 
attaining  the  improved  sheet  m,aterials  required  by  the  Navy  for  short- 
time  high  temperature  service. 

Fabrication  Considerations  -  The  requirements  that  are  placed  on  the 
developers  and  producers  of  materials  are,  by  no  means,  limited  to 
strength  characteristics.  In  the  production  of  sheet  material  itself 
matters  of  sheet  size  and  of  tolerances  may  become  very  important 
weight  determining  considerations.  As  sheet  becomes  wider  and  thinner 
variations  in  thickness  become  more  significant  and  estimates  of  over 
^Q%  weight  saving  in  thin  sheet  metal  structures,  possible  by  reduction 
of  thickness  tolerances,  have  been  made.  In  addition  to  the  rolling 
operation  it  appears  that  the  trend  in  requirements  for  the  sheet  metals 
needed  for  future  Navy  equipment  will  require  a  rather  broad  series  of 
advances  in  sheet  material  fabrication  and  quality  control  techniques. 

In  this  area,  vacuum  and  similar  melting  for  higher  quality  ingot  pro¬ 
duction,  improved  breakdown  procediires  particularly  for  the  more  refrac¬ 
tory  materials  and  the  establishment  of  precise  technical  limits  at  each 
stage  of  sheet  production  are  required  to  insure  the  production  of  the 
high  quality,  uniform,  reproducible  sheet  products  needed  for  future 
equipment . 

Forming  and  joining  of  sheet  or  plate  into  end  items  also  con¬ 
stitutes  an  area  in  which  the  Navy  sees  a  need  for  considerable  advance¬ 
ment.  The  welding  of  large  sections  of  thin  high  strength  sheet  for 
missile  casing  has  received  considerable  attention.  In  the  case  of  the 
deep-diving  submarine  we  haTie  a  similar  welding  problem.  However,  in 
this  case  the  material  thickness  may  be  several  inches  and  heat  treat¬ 
ment  after  welding  completely  impracticable.  Requirements  for  new  and 
improved  welding  techniques  arise  also  from  the  introduction  of  new  alloy 
systems  into  the  construction  material  portfolio.  Molybdenum,  tungsten 
and  beryllium  together  with  the  high  strength  titanium  alloys  all  create 
welding  problems  for  which  solutionvS  must  be  found.  You  may  be  inter¬ 
ested  in  the  weld,  shown  in  Figure  k>  made  by  ultrasonic  welding  between 
two  QMV  beryllium  sheets.  This  process,  which  was  developed  under  Navy 
sponsorship,  is  typical  of  the  unusual  fabrication  techniques  for  which 
we  see  a  need  in  fabricating  future  high  strength  sheet  materials. 

Resistance  to  Environment  -  As  one  might  expect,  the  Navy,  operating 
over,  in  and  under  salt  water,  places  considerable  emphasis  on  the 
subject  of  corrosion  and  its  prevention.  As  those  of  you  who  have 
spent  any  time  aboard  Naval  vessels  are  aware,  the  chipping  hammer  is 
in  full  operation.  Recent  trends  in  design  In  the  flying  vehicle  field, 
introducing  higher  and  higher,  strength  alloys,  have  Increased  the  sen¬ 
sitivity  of  oixr  equipment  to  corrosion  damage.  At  the  end  of  World 


War  II  operational  aircraft  outer  skins  were  clad  aluminum  alloy- 
approximate  ly  .064  inch  thick.  Today  they  may  be  milled  from  bare 
high  strength  aluminum  alloy  plate  several  inches  thick.  The  re¬ 
sultant  elimination  of  the  protective  cladding  and  of  the  increase 
in  thickness  of  the  material  during  heat  treatment  produces  an  in¬ 
creased  sensitivity  to  intergranular  and  stress  corrosion.  Unfor¬ 
tunately,  many  of  the  light  alloys  which  exhibit  improved  mechanical 
properties  are  also  more  susceptible  to  corrosion  and  stress  corrosion, 
cracking.  Laboratory  and  exposure  tests  of  the  precipitation  harden¬ 
ing  s-tainless  steels  have  also  indicated  a  sensitivity  of  these  alloys 
to  stress  corrosion  cracking. 

The  mere  fact  that  a  material  is  sensitive  to  corrosion  or 
stress  corrosion  need  not  preclude  its  use  in  Naval  equipment.  How¬ 
ever,  there  is  a  logistic  penalty  for  poor  corrosion  resistance  which 
the  Navy  must  pay  for  use  of  materials  of  this  type.  Corrosion  re¬ 
sistance  must  therefore  be  accorded  an  important  place  among  Navy 
requirements  in  sheet  materials. 

A  phenonemon  which  complicates  the  corrosion  resistance  pic¬ 
ture  in  the  high  strength  steel  area  is  that  of  hydrogen  embrittle¬ 
ment.  Figure  5  shows  typical  results  of  hydrogen  damage  to  steel  In 
the  260-280,000  psi  UTS  range  as  a  result  of  cyanide  cadmium  plating. 
These  are  unnotohed  C  ring  specimen  results  showing  typical  delayed 
fractures,  the  time  to  fracture  varying  with  the  applied  stress.  Con¬ 
siderable  effort  has  been  expended  on  the  development  of  electrolytic 
application  techniques  for  corrosion  protective  platings  for  high 
strength  steels  with  only  partial  success.  On  steels  at  strength 
levels  of  over  240,000  psi  UTS  the  Navy  does  not  believe  that  electro- 
deposited  cadmium  or  zinc  coatings  can  be  reliably  depended  upon  to  be 
free  of  possible  hydrogen  qmbrittlement  damage  and  lists  among  its 
requirements  in  the  high  strength  steel  area  a  reliable  means  of 
applying  a  protective  metallic  coating  which  will  eliminate  the  cost  , 
and  application  disadvantages  of  the  alternative  sprayed  or  vapor 
deposited  coatings. 

Lest  the  elimination  of  the  metallic  protective  coating  appear 
attractive  as  a  means  of  eliminating  the  hydrogen  embrittlement 
problem,  we  have  found  that  4340  steel  at  a  strength  level  of  260- 
280,000  psi  will  crack  in  a  few  days  in  salt  spray  under  an  applied 
stress  of  80/6  of  the  yield  strength.  We  peed  not  resolve  here  the 
question  of  whether  this  is  a  hydrogen  embrittlement  or  a  stress 
corrosion  failure  or  whether  there  is  any  difference  between  the  two. 
The  need  for  a  metallic  protective  coating  which  will  withstand  rough 
usage  and  will  prevent  corrosion  of  high  strength  steels  remains. 

At  elevated  temperatures  the  problem  of  high  temperature  oxi¬ 
dation  is  encountered.  This  becomes  most  serious  at  temperatures 


--.0 


above  1800°F  when,  for  reasons  of  strength,  we  are  forced  to  leave  the 
nickel  and  cobalt  base  super  alloys  and  employ  the  refractory  metals. 

There  are  available,  as  a  result  of  many  years  work,  several 
coatings  which  will  prevent  oxidation  of  molybdenum  alloys  at  temper¬ 
atures  from  2000-3000°F  for  times  varying  from  several  hiindred  hours 
to  a  few  hours  respectively.  However,  when  the  complications  of  form¬ 
ing,  joining,  drilling  and  rivetting  or  welding  of  assemblies,  the 
presence  of  faying  surfaces,  abrasive  conditions  and  thermal  shock  in 
service  are  added,  there  still  remains  a  need  for  much  better  protective 
coatings  for  molybdenum  alloys  than  those  now  available. 

Although  niobium  does  not,  as  does  molybdenum,  have  a  volatile 
oxide,  it  is  very  rapidly  attacked  by  oxygen  at  high  temperatures. 
Whereas  considerable  alloy  development  effort  in  molybdeniun  has  failed 
to  produce  an  oxidation  resistant  alloy  it  is  yet  too  early  in  niobium- 
base  alloy  development  to  be  completely  pessimistic  on  this  score.  A 
coating  development,  which  some  of  you  may  not  have  seen,  was  released 
this  Spring  by  the  Navy  and  is  illustrated  in  Figure  6.  This  is  a 
specimen  of  niobium  which  was  coated  with  zinc  and  exposed  for  some 
twenty  (20 )  hours  at  1800°F  after  having  been  milled  deeply  enough 
through  the  center  section  to  remove  completely  the  zinc  coating  in 
the  3/8"  slot  area.  The  zinc  coating  appears  to  be  effective  in  pre¬ 
venting  both  surface  oxidation  and  oxygen  pick-up,  as  Indicated  by 
hardness  measurements,  at  temperatures  up  to  about  2100°F,  and  its  self- 
healing  ability  is  outstanding. 

One  of  the  complications  which  arises  in  a  search  for  a  coating 
which  will  prevent  oxidation  of  tungsten  at  high  temperatures  is  the 
very  limited  number  of  possible  systems  available.  Tungsten,  due  to  its 
high  density,  is  structurally  competitive  only  at  the  highest  temper¬ 
atures.  In  many  applications,  such  as  in  rocket  nozzles,  the  environ¬ 
mental  temperatures  will  approach  the  melting  point  of  tvmgsten  itself. 
The  requirement  that  an  oxidation  protective  coating  have  a  melting 
point  of  the  order  of  that  of  tungsten  itself  is  quite  effective  in 
eliminating  broad  classes  of  materials  from  consideration. 

Beryllium  and  Vanadiiim  -  Recent  results  obtained  in  an  alloy  develop¬ 
ment  program  on  vanadium  base  alloys  have  indicated  the  availability 
of  very  attractive  possibilities  in  that  system.  In  an  alloy  of 
N~20%  Cb-55^  Ti  short  time  tensile  strength  of  75,000  psi  at  I8OO0F, 
50,000  psi  at  2000OF  and  35,000  psi  at  2200or  have  been  attained. 

With  densities  of  about  6.2  and  apparently  good  ductility  and  weld¬ 
ability,  the  vanadium  system  appears  to  be  one  of  increased  interest 
for  the  future. 


We  are  all  aware  of  the  interest  and  activity  in  the  area  of 
beryllium  alloys  and  of  the  very  attractive  density  and  rigidity  prop¬ 
erties  available  in  this  alloy  system.  In  this  area,  work  sponsored 
by  the  Bureau  of  Naval  V/eapons  has  demonstrated  what  we  believe  is  the 
first  evidence  of  significant  basal  plane  ductility,  A  single  crystal 
with  basal  plane  orientation  20°  off-parallel  with  the  applied  stress 
was  pulled  in  tension  and  achieved  a  reduction  of  area  of  about  20% 
before  failure.  Extensive  basal  plane  slip  was  indicated  by  both  mi¬ 
croscopic  and  x-ray  diffraction  measurements.  The  crystal  was  very 
pure,  resulting  from  a  five  (5)  pass  zone  refining  in  very  pure  argon. 
This  work  is  continuing  and,  we  believe,  indicates  jthe  possibility  of 
developing  truly  ductile  beryllim  alloy  sheet. 

The  above  examples  are  cited  to  emphasize  the  Navys  need  not 
only  for  improved  materials  and  techniques  in  the  alloy  systems  of 
which  we  are  now  constructing  equipment  but  also  in  new  systems  such 
as  beryllium  and  vanadium  in  which  an  extensive  technology  remains 
still  to  be  developed. 

Crack  Propagation  and  Failure  -  It  is  apparent  from  the  presentations 
scheduled  at  this  Sagamore  conference  that  the  subject  of  crack  prop¬ 
agation  and  failure  will  receive  extensive  attention.  It  is,  in  fact, 
a  field  of  great  importance  and  of  extensive  current  activity. 

The  remarks  which  have  been  and  will  be  made  by  representatives 
of  the  other  services  should  cover  adequately  the  significant  require¬ 
ments  of  the  Navy  in  this  area. 

However,  there  is  a  thought  in  this  area  which  might  well 
receive  more  attention  than  it  is  currently  being  accorded. 

Figure  7  is  a  plot  of  some  missile  case  burst  test  results 
showing  a  decrease  in  load  carrying  capacity  of  the  case  wall  as  the 
depth  of  defects  increases.  This  case  was,  no  doubt,  designed  on  the 
basis  of  yield  strength  as  the  controlling  material  parameter.  The 
assumption  that  a  structure  will  not  yield,  much  less  fail,  at  a 
stress  lower  than  its  yield  strength  underlies  most  structural  design. 
We  know,  of  coiu:se,  that  this  is  not  true  for  many  materials,  partic¬ 
ularly  at  very  high  strength  levels.  We  know  that  cracks,  or  defects, 
may  propagate  and  cause  structural  failure  at  stress  levels  well  below 
yield  strengths. 

It  would  appear  that  the  materials  fraternity  has  a  task  here, 
in  cooperation  with  the  design  engineers,  not  only  to  select  and  ver¬ 
ify  more  meaningful  structural  performance  criteria,  which  it  is  now 
doing,  but  also  to  lend  the  fullest  cooperation  in  the  necessary  task 
of  translating  this  information  into  design  practice.  The  latter  step 
will  probably  require  a  deliberate  concerted  effort  by  materials 
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FIG.  3  VfflICHT  OF  PRESSURE  HULL 
WEIGHT  OF  DISPLACEMENT 
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DEPTH  OF  PRIOR  DEFECT  WHICH  INITIATED  FRACTURE  OF 
STEEL  WELDED  CASES  RELATED  TO  RATIO  OF  HOOP  STRESS 
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DEPTH  OF  DEFECT,  INCHES 


AIR  FORCE  DEVELOH'IENTS  FOR  }}IGM  OTPEWOTH  MATERIAL 
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Paul  L.  llonclricks 
V/right  Air  Development  Division 
V/rlght- Patterson  Air  Force  Base,  Ohio 


Of  the  various  areas  requiring  high  strength  sheet  material,  perhaps 
one  of  the'  most  important  areas  of  application  is  the  solid  propellant 
rocket  motor  case.  Although  there  are  various  materials  under  consldeiv 
atlon  for  this  application,  only  high  strength  steels  and  titanium  alloys 
will  be  considered  in  this  brief  presentation. 

The  primary  concern  currently  is  the  development  and  utilization  of 
steel  and  titanium  alloys  with  high  strength  to  weight  ratios  for  appli¬ 
cation  at  ambient  and  moderately  elevated  temperatures.  While  strength 
to  weight  ratios  are  of  prime  Importance,  there  are  other  secondaty  char¬ 
acteristics  which  the  material  must  also  possess  in  order  to  toko  advan¬ 
tage  of  the  high  strength  to  weight  ratios  obtainable  in  steel  and  tita¬ 
nium  alloys.  The  present  state  of  the  art  has  produced  materials  with 
high  strength  to  weight  ratios;  however,  a  lack  of  knowledge  as  to  the 
control  of  factors  that  influence  such  secondary  characteristics  as  notch 
toughness,  corrosion  resistance,  etc.,  have  placed  severe  limitations  on 
the  strength  levels  at  which  steel  and  titanium  alloys  may  be  used*  Even 
when  a  better  understanding  is  obtained  regarding  the  control  of  sooond** 
ary  characteristics,  the  modulus  of  elasticity  of  these  materials  may  bo 
a  controlling  factor*  Since  it  is  unlikely  thot  tho  modulus  can  be  sub¬ 
stantially  increased,  it  appears  that  one  may  not  be  able  to  take  full 
advantage  of  high  strength  to  weight  ratios  obtainable  since  buckling  may 
become  a  factor  below  a  certain  thickness. 

with  regard  to  Air  Force  dovelojvncnts  in  stool  and  titanium  alloys, 
it  appears  that  the  obtaining  of  materials  with  high  strength  to  weight 
ratios  does  not  represent  tho  major  problem*  Tho  greater  problem  seems 
to  bo  a  lack  of  understanding  of  tho  factors  that  control  secondary  char¬ 
acteristics  and  other  factors,  such  ns  joining,  thot  will  ultimately  con¬ 
trol  the  extent  to  which  currently  available  matorlnls  may  be  utilized* 

As  one  considers  all  tho  factors  involved  in  tho  utilization  of  high 
strength  to  weight  ratio  materials,  tho  required  Air  Force  developments 
become  increasingly  complex  and  cannot  bo  stated  in  relatively  simple 
tenns.  Let  us  now  consider  briefly  soma  of  the  required  areas  of  re¬ 
search  and  development  necessary  for  making  pjoosiblo  the  utilization  of 
high  strength  stool  and  titanium  alloys. 

Recent  failures  of  solid  propellant  rockot  cases  by  brittle  frac- 
tur«  have  resulted  in  tho  dcvelopnent  of  a  number  of  test  methods  for 
evaluating  the  fracture  toughness  or  brittle  fracture  tendencies  of  al¬ 
loy  sheet  steel  and  titanium  alloys  at  high  strength  lovols.  Experience 
has  shown  that  none  of  the  standard  tests,  such  os  uniaxial  tensile  tests, 
are  suitable  for  application  to  high  strength  sheet  materials.  A  dis¬ 
cussion  of  various  teats  currently  in  use  is  beyond  tho  scope  of  this 
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paper;  however,  it  should  be  mentioned  that  these  tests  involve  tensile 
loading  of  center  and  edge  notched  specimens,  bending  of  flat  notched 
specimens,  impact  loading  of  notched  specimens,  bulging  of  unnotched, 
notched,  and  welded  specimens,  and  combinations  of  tensile  loading  and 
internal  pressurizing  of  cylindrical  specimens.  In  light  of  available 
information,  none  of  these  tests  has  been  recognized  as  a  standard  test 
and  correlation  of  test  data  with  pressure  vessel  performance  has  been 
limited.  Studies  currently  under  way  should  produce  information  as  to 
the  relative  usefulness  of  each  test  in  evaluating  fracture  toughness  of 
sheet  material.  There  still  remains,  however,  the  problem  of  determin¬ 
ing  the  relationship  between  such  factors  as  alloy  composition,  heat 
treatment,  welding,  fabrication  techniques,  and  the  fracture  toughness 
of  sheet  materials. 

One  of  the  principal  areas  of  interest  to  the  Air  Force  is  there¬ 
fore  the  relationship  of  microstructure  in  steel  and  titanium  alloys  to 
fracture  toughness.  This  is  an  area  that  is  relatively  complex  in  na¬ 
ture  since  there  are  a  number  of  factors,  all  of  which  have  an  influence 
either  directly  or  indirectly  on  the  microstructure.  It  is  felt  that  to 
date  primary  interest  has  been  centered  on  obtaining  results  on  different 
alloys  using  one  or  more  of  the  many  fracture  toughness  tests  recently 
developed  and  few  known  attempts  have  been  made  to  correlate  fracture 
toughness  with  mlcrostructural  conditions.  The  study  of  microstructure 
as  related  to  fracture  toughness  is  considered  to  be  a  prime  area  re¬ 
quiring  intensive  investigation.  An  investigation  of  mlcrostructural 
conditions  on  a  gross  scale  is  not  deemed  adequate  to  provide  the  in¬ 
formation  necessary  for  an  intelligent  approach  to  utilization  of  high 
strength  sheet  materials.  It  appears  that  an  intensive  study  of  micro- 
structures  requiring  the  use  of  such  tools  and  techniques  as  electron 
transmission  and  electron  microscopy  to  delineate  microstructures  on  a 
fine  scale.  Including  sub-structure,  will  be  requisite  for  such  an  in¬ 
vestigation.  The  use  of  such  an  approach  to  a  study  of  the  relationship 
between  microstructure  and  fracture  toughness  is  expected  to  yield  valua¬ 
ble  information  regarding  the  utilization  of  high  strength  sheet  materials 
in  such  applications  as  pressure  vessels. 

Increasing  requirements  for  higher  strength  to  weight  ratio  materials 
demands  that  an  investigation  and  evaluation  of  unique  processing  tech¬ 
niques  to  obtain  strengths  greater  than  those  available  through  regular 
heat  treating  or  conventional  techniques  be  accomplished.  Examples  of 
these  techniques  are  the  so  called  "Aus-Formlng"  process  which  has  been 
successfully  applied  to  certain  steels  and  strain  aging  techniques  which 
may  be  applicable  to  both  high  strength  steels  and  titanium  alloys  under 
certain  conditions.  There  is  also  the  possibility  that  a  knowledge  of 
the  unfluence  of  mlcrostructural  conditions  may  suggest  methods  of  im¬ 
proved  heat  treating  which  will  result  in  improved  strength  and  fracture 
toughness  characteristics. 

The  ever  increasing  trend  toward  sheet  materials  with  higher  strengths 
requires  that  the  Joining  problem  be  given  adequate  attention.  One  of  the 
prime  considerations,  therefore,  as  to  the  fabricability  of  a  material  is 
its  weldability.  Not  only  must  the  material  be  capable  of  being  welded, 
but  the  resulting  Joints  must  have  strength  properties  similar  to  those  of 


the  hfliic  material}  otherwise,  any  advantage  of  liigh  8<ir<‘rigth  ia  lost.  In 
addition  to  cons  Id  orations  or'  stvenfjth,  the  weld  joint  must  be  sound  and 
free  from  porosity,  cracks,  and  other  typos  of  flaws  which  might  result 
in  stroas  concentrations  and  thus  promoto  premature  failure.  It  is  also 
apparent  that  the  wold  inotal's  resistance  to  crack  picpagation  is  of  great 
importance.  VJith  rogaid  to  high  strength  stools,  moat  of  them  can  bo 
woldod;  howovor,  tho  big  problem  is  to  obtain'welda  that  ar0*'snirvlcoable 
in  pressure  vessels.  Tho  production  of  rockot  jnotor  casws  from  stool 
would  bo  greatly  enhanood  if  methods  could  be  developed  for  producing 
satisfactory  longitudinal  welds.  In  fact,  the  wolding  of  high  strength 
steels  for  rockot  motor  cases  is  a  problem  of  such  proportions,  that  many 
manufacturora  will  go  to  great  trouble  and  expense  in  order  to  keep  the 
use  of  welds  In  such  structures  to  a  minimum.  Thjra  is  also  no  univer¬ 
sal  answer  to  the  problem  of  wolding  high  8tro''.gth  steels  since  the 
answer  will  no  doubt  vary,  depending  upon  the  eompoaltion  In  queotlon. 

It  does  appear,  howovor,  that  there  will  be  certain  basic  information 
obtainable  relative  to  wolding  that  will  bo  applicable  in  all  instances. 

An  example  of  duch  information  could  concoivably  bo  a  knowledge  of  the 
relation  fit  factors  contributing  to  tho  response  of  the  weld  to  sub¬ 
sequent  heat  troatfflont. 

TTio  utilisation  of  welds  in  titanium  alloys  poses  a  quite  differ¬ 
ent  and  a  difficult  problem.  Thoro  are  two  primary  reasons  why  tita¬ 
nium  allqya  are  difficult  to  wold  by  common  wolding  processes  such  as 
gas  fusloh  welding  and  arc  welding  with  active  guaoot 

1.  Titanium  and  titanium  a'lloys  arc  oxtremoly  reactive  when 
heated  to  welding  tomporaturco  and  readily  i*eact  with  air  and  most  ele¬ 
ments  and  ooispounda,  including  all  known  rofractorles. 

2.  The  ductility  and  toughneas  of  titanium  wolds  are  re¬ 
duced  by  the  presence  of  small  amounts  of  impurities,  eopeclally  eaiv 
bon,  hydrogen,  nitrogen,  and  'oxygon. 

In  spite  of  thdlr  high  reactivity  and  low  tolerance  for  impurities, 
certain  assoinbllos  can  bo  readily  joined  by  spot,  seam,  flash,  and 
pressure  wolding.  These  wolds,  howovor,  are  not  always  oonslderod 
adequate  for  application  in  pressure  vessels.  It  thci’ofore  is  readily 
apinrent  that  research  in  tho  wolding  of  titanium  alloys  is  a  noooa- 
slty  if  these  materials  are  to  bo  given  aorloua  consideration  for  ap¬ 
plication  in  rockot  motor  cases. 

For  materials  that  obtoln  high  strengths  through  the  use  of  unique 
processing  tochnlquos,  joining  roprnsonts  a  major  problem.  Welding  may 
or  may  not  be  possible,  doficndlng  upon  tho  dotuiln  of  the  operation  in¬ 
volved.  For  materials  in  this  category,  a  new  opprotich  to  joining  may 
be  necessary. 

In  light  of  tho  mnny  dcvolofunento  that  have  token  placed  in  ob¬ 
taining  stool  and  titanium  alloys  with  higher  strength  owi  with  on  In- 
crouse  in  knowledge  fiertolning  to  factors  that  Influeneo  notch  tougl)- 
noss,  progrrjjiuj  Jn  alloy  dt.'vvvlorsnenl  may  bocoirni  Incronulnjfly  Important. 

ISnny  of  tlie  incnj-ioes  In  sitronj'th  liuve  been  obU'tinod  by  applying  now 
techniques  to  existing  alloy  syslcmn.  These  systemu  may  nob  roprouont 


the  optimum  compositions  insol'ar  as  obtaining  materials  with  tho  desired 
service  characteristics  is  concerned.  It  seems  very  feasible  that  the  de¬ 
velopment  of  new  compositions  tailored  to  meet  conditions  found  necessary 
for  optimum  service  jxjrformance  may  h?  highly  desirable. 

As  has  been  previously  mentioned,  one  of  the  principal  problems  in 
the  utilization  of  high  strength  materials  is  failure  by  brittle  fracture 
on  pressure  testing.  This  problem  has  been  complicated  by  the  fact  that 
materials  used  and  wolds  produced  in  pressuro  vessels  often  contain  flaws 
that  escape  present  inspection  techniques.  These  flaws  have  been  ob¬ 
served  in  many  instances  at  tho  origin  of  brittle  fracture. in  many  failed 
pressure  vessels.  In  material  sensitive  to  brittle  fracture,  the  larger 
flaws  may  initiate  brittle  fracture  during  pressure  testing.  In  materials 
with  adequate  toughness,  pressuro  testing  may  develop  the  crack  to  some 
size  at  which  no  further  extension  occurs}  whereas  in  materials  with  in¬ 
adequate  toughness,  rapid  propagation  of  the  crack  may  occur,  resulting 
in  brittle  fracture.  Since  many  of  the  flaws,  subsequently  determined 
to  bo  points  of  initiation  of  brittle  fracture,  have  not  been  detectable 
using  present  techniques,  there  seems  to  be  a  requirement  for  the  develop¬ 
ment  of  new  and  improved  inspection  techniques  which  are  capable  of  de¬ 
tecting  the  various  types  of  flaws  which  are  known  to  contribute  to  brit¬ 
tle  fracture. 

•  I- 

Desirable  Air  Force  developments  for  high  strength  materials  may  be 
summarized  as  follows ! 

1.  A  knowJ-odgo  of  the  factors  that  control  or  influence  the 
notch  toughness  of  high  strength  materials. 

2.  A  simple  test  upon  which  the  service  performance  of  hl^ 
strength  materials  can  be  predicted. 

3.  Weldments  capable  of  giving  adequate  performance  under 
stress  systems  found  in  jiressure  vessels. 

4.  Investigation  and  evaluation  of  unique  processing  and  im¬ 
proved  heat  treatments  resulting  in  higher  strength  materials. 

5.  The  development  of  alloys  tailored  to  various  processing 
techniques  capable  of  meeting  present  service  requirements. 

6.  Tho  development  of  adequate  inspection  techniques  to  Insure 
reliability  of  performance  in  high  strength  materials. 

Those  developments  should  result  in  tho  production  of  pressure  vessels  fab¬ 
ricated  from  high  strength  materials  with  a  high  degree  of  reliability  and 
performance. 


EXPERIENCE  WITH  ULTRA  HIGH  STRENGTH 
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Burbank,  California 


Introduction 


It  has  nov  been  more  than  ten  years  since  Lockheed  Initiated  their 
Investigation  of  ultra  high  strength  steel.  As  a  result  of  that  Inves* 
tlgatlon  it  vas  determined  that  4340  steel  heat  treated  to  260>260  ksl 
level  was  eminently  suitable  as  an  aircraft  structural  material.  The  first 
application  of  this  ultra  high  strength  steel  to  critical  aircraft  compo¬ 
nents  followed  In  19^3  on  modifications  of  the  main  and  nose  landing  gear 
of  Lockheed's  1049  series  commercial  Constellation  Transports.  A  sketch 
of  the  main  landing  gear  Is  shown  In  Fig.  1  to  Illustrate  the  type  of 
parts  heat  treated  to  the  260-280  ksl  level.  The  high  heat  treat  parts 
Include  1)  the  main  cylinder;  2)  the  attachment  bolts  In  the  upper  and 
lower  drag  links;  3)  the  upper  drag  links;  4)  the  torque  arms;  5)  the  axle; 
and  6)  the  piston  (not  shown).  Three  of  these  parts  Including  the  main 
landing  gear  cylinder,  piston  and  axle  axe  shown  In  Figs.  2,  3  ond  4 
respectively.  This  same  gear  was  also  successfully  used  on  military  ver¬ 
sions  of  the  Lockheed  Constellation  seeing  both  Air  Force  and  Navy  service. 

Since  that  time  ultra  high  strength  steel  has  been  employed  for 
the  landing  gear  of  the  1649,  a  long  range  version  of  the  Constellation 
and  the  C130  Hercules  Transport  for  mlscellaneoxis  pins,  bolts  and  fittings 
for  our  F-104  Starflghter  and  more  recently  for  the  main  and  nose  landing 
gear  components  of  Lockheed's  Electro  prop- Jet  transport. 

Fig.  3  shows  a  photo  of  the  Electra  main  landing  gear.  The  main 
cylinder,  piston,  side  braces,  trunlon  arms  and  the  torque  arms  (not 
shown)  are  fabricated  from  high  beat  treat  steel. 

Lockheed's  service  record  has  shown  a  minimum  of  difficulties  with 
all  these  components.  Thus,  It  Is  the  purpose  of  this  pmper  to  review  the 
basic  consideration^  permitting  exploitations  of  such  material  for  aircraft 
structural  components  and  the  special  design  and  manufacturing  controls 
required. 


Establishment  of  Structural  Integrity 


^  In  the  early  application  of  steel  to  aircraft  parts  the  tensile 

strength  was  limited  to  approximately  200  ksl,  even  though  higher  strength 
could  be  easily  obtained  by  simple  m^lflcatlon  of  heat  treatment.  Prob¬ 
ably  the  most  Important  single  factor  Influencing  this  failure  to  make 
use  of  the  potential  high  strength  characteristics  of  alloy  steel  was  the 
fear  of  excessive  brittleness.  However,  the  Increasing  deisand  of  the 
airframe  designer  for  Improved  structural  efficiency  forced  a  nuaber  of 
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aircraft  nanufaeturara  to  re-cvaluate  ttie  btharlor  Qt  ultra  high  strangth 
ateala  under  the  dealgn  and  service  conditions  normally  encountex«d  In 
aircraft. 

Lockheed,  In  making  this  evaluation,  relied  principally  upon 
Investigation  of  the  tensile,  notch  tensile  and  notch  fatigue  characteris¬ 
tics.  The  stress  concentrations  employed  were  typical  of  the  maximum 
normally  encountered  In  aircraft  design.  Studies  vere  conducted  on  spec¬ 
imens  representing  the  complete  range  of  slses  encoimtered  or  anticipated 
In  aircraft  design.  Than,  test  coupons  were  fabricated  from  small  bars 
and  from  forgings  ranging  up  to  12  Inches  In  diameter*  Both  longitudinal 
and  transverse  grain  directions  were  studied.  The  evaluation  of  these 
coupons  was  supplemented  by  Investigation  of  the  fatigue  and  Impact 
behavior  of  a  typical  aircraft  component. 

Contrary  to  the  general  belief  at  that  time,  the  toughness  char¬ 
acteristics  of  eb  high  strength  levels  were  found  to  be  entirely 
satisfactory.  The  notched  fatigue  strength  Increased  with  Increasing 
static  tensile  strength.  This  was  true  throughout  the  entire  range 
Investigated,  except  for  the  low  cycle  range  of  the  curve  for  specimens 
having  a  notch  which  produced  an  effective  elastic  stress  concentration 
factor  Kt  of  3*0.  In  this  low  cycle  region  of  the  Kt-3*0  curve,  the 
fatigue  strength  remained  substantially  constant  as  the  static  strength 
was  Increased. 

rig.  6  shows  the  Improvement  found  at  three  levels  of  stress  con¬ 
centration  on  longitudinal  specimens  fabricated  from  two  Inch  bar  under 
completely  reversed  axial  losing  (Ra-l). 

Similarly  notch  tensile  tests  Indicated  that  static  notch  sen¬ 
sitivity,  although  slightly  greater  at  26o-280  ksl  than  at  180-200, 
was  satisfactory  for  aircraft  design. 

Following  these  tests  a  complete  analysis  was  made: 

1.  To  determine  design  characteristics  Including  compression 
yield,  shear,  besorlng,  modulus  of  elasticity,  colxmn 
allowables,  bending  allowables,  torsional  properties, 
bursting  characteristics,  and  Impact  properties* 

2.  To  determine  fabrication  characteristics. 

3.  To  establish  neat  treating  and  processing  procedures. 

b.  To  determine  tbs  effect  of  all!  varlsibles  and  various  man¬ 
ufacturing  operations  upon  these  properties. 

No  attempt  will  be  made  to  revlev  details  of  the  complete  Inves¬ 
tigation  now,  since  the  work  was  amply  documented  at  the  time  (l)  (2)  (3). 
Instead,  the  remeinder  of  this  paper  will  be  devoted  to  the  desi^ 
considerations  and  manufaeturtog  limitations  imposed  on  the  use  of  ultra 
high  strength  steels. 


Detigp  Con»ld>rations 


Ac  already  indicated,  our  analyses  of  the  behavior  of  high  strength 
steels  under  typical  aircraft  structural  conditions  Indicated  that  it  would 
not  be  substantially  different  from  that  of  the  moderate  strength  steels 
when  applied  to  landing  gear  and  similar  flrcraft  parts.  Thus,  the  rules 
for  good  design  at  the  high  heat  treat  leyel  are  only  an  extension  of  those 
required  for  good  design  at  the  more  eonvsntlonal  heat  treat  levels.  These 
concepts  of  good  design  have  been  well  known  for  many  years  by  all  of  us. 
However,  since  they  are  frequently  overlooked  or  compromised,  a  few  are 
summarised  for  review. 

1.  The  first  design  rule  Is  the  proper  application  of  the  philos¬ 
ophy  of  exotic  sweeps  and  gentle  transitions.  A  glance  at  the 
notch  tensile  behavior  of  high  strength  steels  shown  In  Fig.  7 
demonstrates  the  vital  necessity  for  adhezence  to  this  rule. 

Full  strength  of  steels  may  be  developed  where  adequate  radii 
are  provided  -  -  see  typical  curve  for  of  1.6  and  3.  Howev¬ 
er,  this  Is  not  always  possible  at  high  stress  concentrations. 

The  notch  tensile  strength  Is  affected  by  many  factors.  These 
Include  type  of  steel,  quality  of  steel,  method  of  heat  treat, 
strength  level,  else  of  product,  degree  of  reduction  from  ingot, 
grain  direction,  type  and  slse  of  specimen  being  tested  and 
tampermture  of  testing.  These  factors  are  superimposed  on  the 
normal  testing  variables;  tbs  most  Important  of  which  is  ec¬ 
centricity  of  loading.  As  a  consequence,  there  Is  considerable 
scatter  In  notch  tensile  data.  This  scatter  Is  greater  at  high 
stress  concentrations  than  at  low.  A  few  typical  curves  are 
presented  here  to  Illustrate  the  effect  of  some  of  the  variables 
noted.  The  effects  of  Increased  stress  concentration,  specimen 
slse,  and  grain  direction  were  taken  from  the  work  of  Kller,  Muvdl 
and  Sachs  (U).  Hote  that  the  transverse  grain  direction  Is  as 
deleterious  at  Kt  ■  3  as  at  Kt  ■  10.  The  detrimental  effect  of 
specimen  site  Is  shown  at  ■  lO. 

2.  The  second  rule  is  to  lower  the  stress  level  at  critical  In¬ 
tersections.  This  is  Illustrated  In  Fig.  8  >dzich  shows  a 
representative  section  of  the  axle  piston  Intersection  on  a  nose 
landing  gear.  Here,  In  addition  to  providing  reasonable  radii, 
the  critical  transition  area  Is  "beefed  up"  to  reduce  the  opera¬ 
ting  stress  level.  Since  this  area  is  only  a  small  portion  of 
the  whole  gear,  the  overall  weight  Is  only  slightly  affected. 

The  need  for  this  restriction  results  from  the  uneven  distribu¬ 
tion  of  loading  In  transition  areas.  The  load  tends  to  be 
funneled  through  stlffer  members  resulting  in  high  local  stresses. 
Thus,  the  mean  stress  must  be  lowered  to  avoid  premature  fallxire. 

3«  A  third  rule  idilch  Is  difficult  to  apply  to  landing  gear  compo¬ 
nents  but  Is  Important  as  a  design  consideration  Is  the  main¬ 
tenance  of  straight  load  paths  to  minimise  eccentricities.  While 
this  may  not  always  be  possible,  designs  are  made  to  approach 
this  goal  as  ouch  as  practical.  Therefore,  In  areas  of  reinforce¬ 
ment,  usually  In  the  vicinity  of  fittings  and  Joints,  material 


Is  gradually  addad  tqualljr  <mi  botb  sldas  of  tbs  load  path  ceotar- 
line.  The  tension  streesee  resulting  fron  ersn  small  eccentric 
^  loadings  very  often  graerfblj  exceed  the  tension  stress  due  to  the 
primary  axial  loads.  fhMa«  Imd  earryiiig  ability  and  fatigue  life 
may  be  greatly  reduced,  IMua  effect  Iwa  been  dramatically  lllus- 
trated  by  the  vork  of  SadSm  wcA  Kller  tn  a  eusber  of  papers. 

Ihelr  recent  work  on  the  effect  of  eccentric  loading  on  the  notch 
tensile  behavior  of  heat  treated  in  the  260>280  ksi  range 
(4)  Is  illustrated  in  Fig.  9*  The  eecentrlealiy  lemded  specimens 
only  carried  of  those  concentrically  loaded  at  Kj|.  «  3  and  only 
30^  at  14  -  10. 

4.  A  fourth  rule  la  to  limit  the  degree  of  exploitation  of  tbs  max¬ 
imum  static  strength  of  the  material  for  design  conditlcas  wlwrs 
the  normal  repeated  loads  are  nearly  equal  to  the  maxlmnn  load 
on  the  part.  The  need  for  such  a  restriction  Is  readily  appar¬ 
ent  on  examination  of  any  S-H  curve  where  It  is  evident  that 
the  number  of  load  applications  that  can  be  austalned^  when  high 
loads  are  applied,  are  relatively  low.  It  is  also  obvious  that 
such  a  restriction  would  have  to  be  applied  to  conventional  as 
well  as  high  heat  treat  parts.  Typical  parts  on  which  this 
restriction  would  apply  would  be  those  on  which  loads  result  from 
hydraulic  or  other  pressure  systems. 

3.  Fifth— Lockheed  has  preferred  to  use  flash  and  pressure  weld 
designs  and  to  avoid  the  use  of  fusion  welds  for  critical  air¬ 
craft  components.  This  preference  is  based  upon  the  fact  that 
pressure  and  flash  weldments  are  produced  by  automatic  methods 
wherein  reproduction  of  proven  weldlxig  procedures  can  be  reliably 
expected.  Residual  stresses  introduced  during  flash  and  pressure 
welding  are  low  because  of  the  uniformity  of  the  beating  and 
cooling  processes j  thus,  cracking  of  hardenabls  alloys  such  as 
4340  Is  no  problem.  In  contrast,  fusion  welds  arc  mads  progres¬ 
sively;  thxis,  hliipk  restraint  with  resultant  high  residual  stresses 
are  realised  and  cracking  becomes  quite  probable.  TO  overcome 
this  cracking  tendency,  exacting  preheat,  postheat  and  stress 
relief  treatments  must  be  employ^.  Because  of  the  human  element 
In  these  and  other  controlling  practices  the  welds  are  more  subject 
to  Inconsistencies.  Thus,  we  do  not  say  you  cannot  fusion  weld 
but  that  the  exacting  process  control  requirements  of  the  welding 
procedure  results  In  greatly  reduced  reliability. 

6.  The  sixth  rule  is  to  avoid  grinding  wherever  possible.  Since  the 
grinding  process  Involves  severe  localised  temperature  differen¬ 
tials,  ground  parts  are  subject  to  high  residual  tensile  stresses, 
grind  cracks,  and  the  generation  of  untempered  martensite.  In 
addition,  pax^  not  cracked  during  grinding  are  still  susceptible 
to  the  formation  of  cracks  during  subsequent  processing.  As  a 
result,  considerable  difficulty  has  been  experienced  In  the 
grinding  of  ultra  high  strength  steels  and  extrems  care  has  been 
required  to  avoid  grind  cracks.  In  order  to  reduce  this  dif¬ 
ficulty  to  a  minimum,  Lockheed  specifications  prohibit  the  use  of 
grinding  except  idiers  specifically  authorised  by  engineering 


dravlng.  Even  localized  rework^  l.e.  removal  of  aurfaee  defects 
such  as  tool  marks  and  magnetic  Indications  Is  accomplished  with 
a  rotary  carbide  burr  rather  than  by  grinding. 

Where  grinding  has  been  permitted,  Lockheed  requires  parts  to  be 
baked  In  order  to  temper  any  mairtenslte  generated  due  to  lo¬ 
calized  overheating  and  lightly  shot  peened  to  remove  high  surface 
residual  tensile  stresses. 

7.  The  seventh  rule  Is  to  consider  the  effect  of  surface  conditions 
on  part  performance.  The  effect  of  surface  condition  on  fatigue 
properties  was  draoiatlcally  demonstrated  early  in  Lockheed's  Inves¬ 
tigation  during  fatigue  evaluation  of  a  standard  aircraft  drag 
strut  damper  piston  shown  by  Fig.  10. 

Tests  were  being  conducted  at  both  the  160-200  ksl  and  260-280  ksl 
strength  levels.  At  the  100-200  ksl  level  failure  occurred  in  the 
radii  under  the  piston  head.  However,  two  of  the  specimens  heat 
treated  to  260-280  failed  In  the  shank  with  failure  originating  at 
the  as  heat  treated  Inner  surface.  This  indicated  that  the 
decazburized  surface  was  more  critical  than  the  stress  concentra¬ 
tion  at  the  shoulder.  These  findings  were  confirmed  by  evaluation 
of  standard  fatigue  speclmena  beat  treated  to  produce  varying 
depths  of  decazburlzatlon. 

Fig.  11  presents  the  results  of  these  tests.  Xt  will  be  noted  that 
the  as  beat  treated  surface  reduces  fatigue  more  than  a  stress  con¬ 
centration  of  iCt-  B  3.0.  This  loss  In  properties  occurred  with 
.003  decaiburizatlon  as  well  as  with  .030  decarburlzatlon.  The 
effect  of  as-forged  surfaces  Is  even  more  deleterious  as  shown  by  . 
the  work  of  Hankins  and  Becker  (3). 

The  design  rule  for  parts  which  are  critical  In  fatigue  is  that  as- 
forged  and  as  beat  treated  surfaces  must  be  removed  by  machining 
However,  where  machining  after  heat  treatment  Is  not  practical,  the 
deleterious  effect  of  decazburization  can  be  largely  overcome  by 
shot  peenlng.  Tbe  effectiveness  of  shot  peenlng  for  restoration  of 
fatigue  resistance  has  been  demonstrated  by  studies  at  Lockheed  as 
shown. 

8.  The  eighth  rule  is  to  orient  principal  stresses  In  the  favorable 
grain  direction.  The  work  of  Kller,  Nuvdl  and  Sachs,  shown  la 

Fig.  on  the  "Effect  of  Stress  Concentrations  on  Tensile  Strength" 
illustrated  the  adverse  effect  of  transverse  grain  direction  on 
notch  tensile  properties  and  ductility.  Similarly,  our  studies  of 
the  properties  of  large  landing  gear  axle  and  fulcrum  forgings  and 
prolongation  from  production  forgings  confirmed  these  results.  Our 
concern  for  the  integrity  of  these  parts  was  allayed  to  a  great 
degzve  when  we  realized  that  loads  in  the  transverse  direction  were 
low  and  of  a  minor  nature.  Thus,  we  Instituted  the  practice  of 
designing  ports  to  Insure  the  maintenance  of  major  loads  In  fa¬ 
vorable  grain  directions  including  the  use  of  notes  on  engineer¬ 
ing  drawings  to  indicate  the  grain  directions  required.  Our 
sarrlee  experience  has  shown  that  this  practice  has  been 


extremely  eatlsfactory. 

Materials.  Process  and  Fabrication  Controla 

In  addition  to  the  design  considerations  already  noted^  Lockheed  has 
Instituted  a  number  of  special  material,  process  and  fabrication  controls. 
These  requirements  are  based  upon  both  Lockheed  tests  and  upon  a  thorough 
revlev  of  work  done  by  other  Investigators  as  reported  In  the  general  lit* 
erature,  government  reports,  and  vendor  studies.  These  iteios  have  been  pre¬ 
viously  reported,  however,  they  are  briefly  suamarlaed  for  revlev. 

Material  Controls 


Although  there  are  many  other  steels  \ibich  could  be  used  for  highly 
heat  treated  parts  Lockheed  has  employed  43^0.  This  steel  has  the  advantage 
of  being  a  standard  analyses  vlth  many  years  of  production  experience  avail¬ 
able.  Thus,  most  normal  mill  problems  have  been  resolved.  Three  new 
controls  had  to  be  superimposed  on  normal  practices. 

1.  Hardenabllity  -  The  minimum  hardenabllity  requirements  of  the 
military  specifications  had  to  be  employed  nther  than  the  old 
AISI  mlnlmim  to  Insure  both  attalnaent  of  tke  260-280  ksi  level 
and  to  obtain  tempered  martensite  In  lieu  of  Intermediate 
transformation  structures  for  the  section  sizes  employed. 

2.  Quality  -  Quality  standards  had  to  be  established  to  control 

,  the  cleanliness  of  the  steel  being  used.  Whan  Lockheed  first 
Initiated  its  use  of  high  heat  treat  steel,  specifications 
normally  called  for  "Aircraft  Quality."  However,  on  Inves¬ 
tigation  It  was  found  that  there  were  as  many  Interpretations 
of  irtiat  this  meant  as  there  were  steel  procedures.  As  a  result 
of  this  Investigation,  Lockheed  drafted  their  own  quality  stand¬ 
ard  for  Inspection  based  upon  the  frequency  and  severity  of  non- 
aetalllc  Inclusions  similar  to  that  used  by  a  number  of  other 
manufacturers  of  critical  parts.  At  the  same  time  Lockheed 
brought  the  subject  before  the  AI81  Steel  Bar  Committee  during 
a  Joint  session  vlth  the  AMS  division  of  the  SAB  at  New  Orleans. 
At  this  time,  work  was  Initiated  to  reach  agreement  between  AISI 
and  the  AMS  Division  of  the  SAB  so  that  AMS  specifications  could 
be  developed  defining  Aircraft  Quality.  Recently,  AMS  2300  and 
2301  have  been  released  describing  these  requirements. 

3.  Grain  Flow  -  The  first  production  forging  from  a  forging  die  Is 
cross-sectioned  and  examined  metallographlcally  to  be  certain 
that  the  grain  flow  In  critical  areas  Is  in  favorable  directions 
as  required  by  engineering  drawings.  This  must  be  done  prior  to 
initiating  the  production  of  these  forgings. 

Beat  Treatment 


4 


The  standard  Lockheed  heat  treatment  for  260-280  ksl  Includes  several 
pertinent  features  as  follows: 


1.  Normalising  prior  to  heat  treatment  to  level  out  steel  mill 
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proeeislng  vsrlablef  and  provide  a  good  structural  bate  for  fur- 
thur  proceailng. 

2.  Austenitising  for  longer  times  to  permit  more  complete  solution 
of  carbides  at  the  lower  temperatures  used  to  obtain  moxe  desir¬ 
able  properties. 

3.  Control  of  section  size  to  Insure  formation  of  tempered  mar¬ 
tensitic  structure  throughout  the  cross-section. 

4.  Adequate  quench  to  minimise  retained  austenite  or  Intermediate 
transformation  products. 

3.  Long  time  tempering  to  permit  adequate  transformation  of  martensite 
and  reduction  of  retained  austenite  at  the  low  temperature  employed. 
Such  treatment  Is  required  to  obtain  the  optimum  yield  strengths 
and  ductility  of  irtilch  these  high  strength  steels  are  capable.  Fig. 
12  shows  the  Improvement  In  yield  obtained  In  Lockheed  tests  (2). 

The  fact  that  the  tensile  strength  dropped  23  ksl  while  the  yield 
Increased  18  ksl  with  longer  tempering  time  Indicates  the  unstable 
natxire  of  the  structure  resulting  from  the  use  of  short  tempering 
times. 

6.  Stabilisation  of  retained  austenite  to  preclude  Its  later  transform¬ 
ation  to  untempered  martensite. 

7.  Atmosphere  control  to  prevent  carburisation  and  limit  decar- 
burisatlon. 

Stress  Relief 


Lockheed  requires  stress  relief  of  ultra  high  strength  parts  after 
every  fabrication  operation  idxlch  may  Induce  high  residual  tensile  stresses 
such  as  grinding  and  straightening.  Recognizing  the  fact  that  the  low  tem¬ 
peratures  used  are  not  adequate  for  major  reductions  of  the  Induced  stress 
level,  parts  are  shot  peened  subsequent  to  the  stress  relief  operations  to 
develop  favorable  surface  residual  stress  patterns. 

Flash  Welding 

It  was  necessary  to  refine  the  loechanlcal  and  electrical  setting  used 
for  the  lower  heat  treat  levels  and  to  provide  closer  control  of  the  tubing 
tolerances  In  order  to  develop  the  full  strength  of  the  weldments  at  the  2M- 
260  ksl  strength  level.  To  assure  machine  operation  between  these  closer  lim¬ 
its,  requirements  for  osclUographlc  recording  of  the  critical  variables  were 
established.  The  oscillographic  records  of  production  runs  are  compared  with 
those  obtained  during  qualification  of  the  particular  machine  settings  and  part. 

Finishing 

Special  cleaning  and  plating  procedures  had  to  be  developed  to  aln- 
lalze  hydrogen  enbrlttleoMnt.  The  use  of  standard  acid  and  alkaline  cleanl'<g 
baths  to  prepare  the  surfaces  for  plating  has  been  prohibited.  Clean  sur¬ 
faces,  as  a  base  for  cadmlra  plating,  are  now  obtained  by  vapor  degreasing  and 
blast  cleaning  or  by  a  sequence  of  anodic  clean,  electro  hone  and  Immersion  In 


the  plat log  bath,  depending  upon  the  plating  process  being  used.  Where  parts 
have  been  Immersed  In  an  eoibrlttllng  bath  they  nust  be  baked  and  reeleaned  In 
accordance  vlth  the  requirements  discussed  above  before  plating. 

Normal  cadmium  plate  procedures  vere  found  to  be  entirely  Inadequate 
because  of  the  high  degree  of  hydrogen  eatbrlttlsiBent  found  In  plated  parts. 
Consequently,  an  extensive  research  and  development  program  vas  initiated  at 
Lockheed  to  establish  a  non-enbrlttllng  plating  procedure.  As  a  result  of 
this  vork,  three  procedures  vere  approved  for  the  cadmium  coating  of  ultra 
high  strength  steel  parts. 

1.  The  first  is  vacuum  metallising  vhich  Is  completely  non-embrlt- 
tllng  but  expensive  and  Halted  in  the  slse  of  part  vhich  can  be 
processed. 

2.  The  second  is  the  controlled  deposition  of  a  thin  cadmium  film 
at  high  current  densities.  Hydrogen  is  formed  during  deposition, 
hovever,  the  cadmium  film  is  porous  and  does  not  act  as  a  barrier 
to  hydrogen  outgasslng  during  subsequent  baking  operations. 

3.  The  third  is  a  modified  cyanide  bath  developed  by  the  Lockheed 
Chemical  and  Metallurgical  Bcsearch  Department  vhich  reduces  the 
degree  of  eahrlttlement  during  plating  sufficiently  to  permit 
use  of  parts  vlthout  baking*  A  revlev  of  the  vork  at  Lockheed 
and  that  of  other  Investigatozm  has  Indicated  that  the  various 
mschanleal  properties  are  affected  to  differing  degrees  by  the 
presence  of  hydrogen. 

The  most  sensitive  property  as  shovn  by  Fig.  13,  Illustrating  the 
typical  effects  of  B2  Cone.,  Is  the  not'Sh  stress  rupture  or  static  fatigue 
strength.  This  behavior  pattern,  l.e.  delayed  failure  under  high  continuous 
loads  accounts  for  the  majority  of  failures  vhich  have  been  observed  during 
fabrication  and  service  of  parts  at  the  l80-220  ski  heat  treat  levels  and  of 
springs  heat  treated  to  higher  strength  levels. 

It  should  be  noted  tbet  the  notch  tensile  strength  Is  not  affected 
until  moderate  amoimts  of  hydrogen  are  introduced.  The  position  of  the  knee 
In  this  curve  viU  be  affected  by  degree  of  stress  concentration.  At  higher 
stress  concentrations  the  knee  vlll  be  shifted  to  lover  hydrogen  concentra¬ 
tion.  Indications  are  that  reduction  of  area  follove  the  same  path  as  the 
notch  tensile  strength.  The  least  sensitive  measurement  Is  the  tensile 
strength  vhich  vas  unaffected  even  by  deliberate  hydrogen  charging  using 
conventional  cathodic  cleaning  procedures.  Standard  cadmium  plating  proce¬ 
dures  frequently  result  In  reduction  of  notch  tensile  as  well  as  of  stress 
rupture  strength. 

On  the  other  hand,  cadmium  plating.  In  accordance  vlth  current 
Lockheed  specifications,  requires  qualification  and  periodic  check  to 
determine  that  tensile  reduction  of  area  Is  unaffected  and  that  notch 
stress  rupture  specimens  can  withstand  a  stress  of  7!^^  of  the  notch 
tensile  strength  for  200  hours  vlthout  failure.  In  the  original  eval¬ 
uation  of  these  processes  It  vas  also  demonstrated  that  the  notch  tensUa 
strength  vas  unaffected; 


standard  chrome  plating  procedures  result  In  the  Introduction  of 
considerable  quantities  of  hydrogen,  however,  baking  has  been  an  effective 
means  of  relief.  The  following  special  requirements  have  been  imposed  to 
preclude  difficulties. 

^  1.  All  areas  to  be  chrome  plated  must  be  peened  prior  to  plating. 

2.  Chrome  plating  is  prohibited  in  transition  area  or  radii. 

3*  All  chrome  plated  parts  must  be  baked  2k  hours. 

Inspection 

To  insure  compliance  with  the  above  requirements,  close  liaison  was 
maintained  between  engineering,  manufacturing  and  inspection  personnel. 
Special  Quality  Assurance  procedures  were  established  and  processing  limited 
to  those  sources  which  had  proven  their  ability  to  meet  our  requirements. 

Sumnutry 


In  summary,  the  design  and  manufacturing  controls  required  for  the 
successful  use  of  h340  steel  heat  treated  to  260-280  ksi  strength  level  in 
aircraft  components  have  been  outlined.  It  was  emphasised  that  this  analysis 
only  applied  to  the  materials  and  design  service  conditions  evaluated.  The 
use  of  this  or  similar  allies  in  the  form  of  sheet  or  plate  in  other  applica¬ 
tions  at  this  strength  level  would  require  a  comparable  program  to  analyse 
and  evaluate  behavior  charaeterlstles  and  performance  of  these  products  under 
the  design  conditions  proposed. 
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FIG.  4  MAIN  LANDING  GEAR  AXLE 
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ENDURANCE  LIMIT  OF  4340  STEEL  AT 
VARIOUS  STRENGTH  LEVELS  FOR  THREE 
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PISTON  ASSM.  SHOCK  STRUT  -  N.L.G. 
HEAT  TREAT  260 -280 KS I 
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STRESS  CONCENTRATION 
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EFFECT  OF  TEMPERING  TIME  ON  TENSILE  PROPERTIES 
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TEMPERING  TEMPERATURE 
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Materials,  Their  Properties  and  Characteristics 
S.  V.  Arnold* 

The  subject  of  this  session  is,  ostensibly,  "Materials,  Their  Properties 
and  Characteristics".  I'm  sure  such  an  imaginative  title,  for  which  I  bear 
no  responsibility,  persuaded  many  of  our  number  to  catch  some  extra  sack  time, 
I  was  tempted  to  change  it  to  "Metals  for  Modern  Monolithic  Motor  Cases"  just 
to  increase  sales  appeal  and  to  indicate  that  we  were  having  no  truck  with 
reinforced  plastic  jobs  or  ribbon  wrap.  Not  that  we’re  casting  aspersions 
on  these  fine  latter  materials-'our  field  was  just  a  little  large  and  we 
wanted  to  narrow  it  down  is  all. 

The  rocket  motor  case  is  typically  cylindrical  in  configuration  (see 
Figure  1).  This  fact  imparts  a  difference  in  principal  stresses  in  the 
sidewall,  the  circumferential  stre'ss  being  twice  the  axial.  This  situation 
does  not  maintain  in  the  head  and  tail  closure  sections  where  the  ratio  is 
nearer  unity.  There  are,  of  course,  zones  where  the  closure  sections  blend 
with  the  cylindrical  side  wall  where  an  intermediate  situation  prevails. 

But  the  interesting  feature,  insofar  as  we’re  concerned,  is  that  2:1  ratio 
in  the  side  wall.  Sophisticated  designers  will  take  advantage  of  this  by 
utilizing  directional  qualities  of  the  case  metal  and  by  orienting  structural 
features  in  such  manner  as  to  minimize  stress  concentrations.  The  rolling 
direction  of  the  atrip  from  which  the  Atlas  is  fabricated  is  oriented  cir¬ 
cumferentially.  Axially  disposed  weld  beads  were  avoided  in  the  Pershing 
motor  so  that  these  discontinuities  would  not  be  stressed  transversely  when 
the  case  is  pressurized. 

Now  that  we  have  mentioned  weld  beads  it  may  be  well  to  remark  that, 
as  yet,  there  is  no  truly  monolithic  modern  metal  motor  case--thay' re  all 
composed  of  separate  components  welded  together.  Quite  possibly  other 
methods  of  joining  are  feasible,  but  they  have  not  achieved  importance  to 
date.  And  so  we  have  to  live  with  mother-in-law.  In  selecting  an  alloy 
for  the  motor  case,  we  have  to  consider  its  weldability;  that  ia,  the  com¬ 
patibility  of  weld  properties  with  requirements  of  joint  design.  Because 
welding  all  high  strength  sheet  alloys  raises  problems  in  various  sorts  and  sises 
moat  caae  designers  take  considerable  pains  to  minimize  the  length  of  welds. 

The  Pratt  and  Whitney  design  for  the  Pershing  motor  is  a  fine  example  of 
minimized  welding.  There  are  two  circumferential  girth  welds;  that’s  all. 

The  head  and  tail  closure  sections  are  contour  machined  from  cupped  forgings. 
In  thia  way  the  need  to  weld  in  igniter  and  thrust  reversal  bosses  ia  ob- 


*Watertown  Arsenal  Laboratories 


II-l 


viated.  The  cylindrical  portion  is  machined  from  a  flow-turned  ring-rolled 
forging.  When  we  consider  the  comparative  ease  with  which  the  case  could  be 
formed  and  assembled  from  sheet,  if  welds  were  100%  efficient,  the  penalty 
for  avoiding  them  is  apparent. 

But  let  us  for  the  moment  assume  that  welds  could  be  eliminated  com- 
pletely--and  maybe  they  will  be  if  OMRO’ s  development  program  with  Lyons, 

Inc.  for  a  one-piece,  case  proves  successful --what  materials  limitations 
would  face  us  then?  We  might  pursue  the  strength/density  ratio  a  little 
further  before  some  other  secondary  characteristic  provides  the  next  barrier. 
Stress  corrosion?  Notch  sensitivity?  They  may  work  in  concert.  There  has 
been  precious  little  work  done  to  compare  specimen  tests  with  pressure  vessel 
tests  when  the  latter  were  free  of  weld  beads.  The  next  correlation,  between 
weld-free  pressure  vessel  and  weld-free  full-scale  burst  tests,  has  not,  of 
course,  been  possible.  Some  of  the  available  weld-free  pressure-vessel  data 
are  shown  in  the  next  figure,  (see  Figure  2). 

You  have  no  doubt  heard  that  scatter  of  burst  stress  values  increased 
with  strength  of  the  case  metal  and  certainly  there  are  quantities  of  data 
for  welded  pressure  vessels  which  bear  this  out.  However,  when  welds  are 
absent  and  care  is  exercised  to  eliminate  flaws  from  other  sources,  this 
point  is  not  well  established.  If  we  take  this  particular  set  of  data  and 
analyze  it  statistically  with  regard  to  the  premise  that  scatter  increases 
with  mean  hoop  stress  for  each  pair  of  data,  it  turns  out  that  we  can  accept 
this  premise  with  only  61%  confidence.  If  we  plot  percent  deviation  from 
the  mean  versus  mean  hoop  stress  for  each  pair  of  data,  (see  Figure  3)  it 
becomes  apparent  that  the  premise  is  indeed  questionable.  We  con,  therefore, 
take  an  opposite  tack  and  argue  that  these  data  show  promise  for  cases  con¬ 
structed  of  metal  with  a  steel  equivalent  of  250  ksi  yield  strength.  Surely, 
the  metal  might  be  "brittle  as  glass",  but  as  long  as  the  case  performed 
consistently,  would  it  matter?  Well,  of  course,  that  "consistency"  ia  a 
big  assumption.  It  includes  babying  the  case  right  up  to  the  moment  of 
firing  lest  some  inadvertent  scratch  provide  the  assiduously  avoid.ed  defect 
that  will  cause  failure.  But,  even  if  we  were  willing  to  take  auch  trouble, 
would  it  serve  our  purpose? 

We  hear  a  great  deal  about  critical  crack  length  that  which  will  pro¬ 
pagate  catastrophically  under  the  extension  forces  engendered  by  operating 
preasure.  The  concept  is  useful,  because  obviously  one  cannot  tolerate 
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such  a  defect  in  the  motor  case.  Unfortunately,  however,  it  is  only  part 
of  the  story  because  sub-critical  defects  propagating  during  testing  or  in 
storage  can  attain  the  critical  size.  True,  defect  propagation  during 
storage  hasn't  been  established  as  a  problem,  but  propagation  during  pressure 
cycling  is  another  matter. 

Such  propagation  is  essentially  a  fatigue  phenomenon.  Let  us  examine 
some  data  from  current  work  of  Carpenter  at  Swarthmore  (see  Figure  4). 

These  results  derive  from  test  of  center-notched  3-inch  wide  sheet  tensile 
specimens  of  Mellon  Steel  (4137  *  1%  Co  and  Si)  heat  treated  to  circa 
230,000  psi  yield  strength.  The  driving  force,  G,  defined  as  shown,  was 
maintained  constant  at  selected  values  while  crack  length  was  measured  as 
a  function  of  the  number  of  loading  cycles.  The  essentially  linear  relation 
is  apparent.  The  crack  grows  a  certain  amount  on  each  cycle,  the  amount 
determined  by  the  driving  force.  We  note  that  the  increment  of  growth  de¬ 
creased  sharply  with  driving  force.  Extrapolation  suggests  that  a  driving 
force  less  than  25  ipsi  would  not  propagate  the  crack  at  all.  If  these 
cycles  to  failure  are  plotted  against  driving  force  the  aspect  of  finite 
fatigue  is  evident  (see  Figitre  S). 

The  data  show  that  a  constant  driving  force  will  cause  a  crack  in  a 
selected  material  to  increase  by  a  certain  increment  on  each  loading  cycle. 
The  increment  increases  with  driving  force.  If  we  plot  the  size  of  increment 
versus  driving  force,  (see  Figure  6)  we  find  the  meager  data  suggest  a  hyper¬ 
bolic  relation,  if  we  give  credence  to  all  three  points.  The  seeming  dif¬ 
ficulty  of  maintaining  a  constant  driving  force  when  the  crack  is  growing 
rapidly  makes  the  value  of  this  datum  somewhat  questionable,  however.  It 
is  possible,  therefore,  that  a  linear  relationship  maintains--which  would 
support  the  idea  that  propagation  does  not  occur  below  this  25  ipsi  level. 

As  a  matter  of  fact,  Carpenter  did  not  observe  growth  of  the  .7S-inch  start¬ 
ing  crack  after  10  cycles  at  G  ■  40  ipsi. 

If  a  minimum  driving  force,  G  ,  is  necessary  to  promote  crack  growth  on 
cyclic  loading,  it  is  evident  that  there  exists  a  minimum  length  of  crack 
which  can  be  grown  at  a  selected  level  of  stress.  The  maximum  operational 
stress  will  define  the  smallest  crack  which  will  grow  on  cycling  at  the 
minimum  driving  force  G^.  It  would  be  nice,  of  course,  to  exclude  all 
cracks  possessing  growth  potential  from  the  motor  case,  but  the  smaller  of 
these  may  very  well  escape  detection  (or  be  so  prevalent  as  to  obviate 
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control).  If,  however,  we  determine  crack  growth  behavior  under  various 
driving  forces,  it  may  be  feasible  to  accept  cracks  of  a  size  which  will  not; 
propagate  to  the  critical  length  during  the  planned  sequence  of  testing  and 
final  firing.  Carpenter  may  apparently  entertain  some  such  idea,  for  he 
calculates  a  "sub-critical  driving  force"  under  which  his  specimen  may  be 
cycled  at  least  three  times  without  propagating  his  starting  crack  length 
to  the  critical  dimension.  To  me,  three  cycles  seem  rather  too  few,  but 
the  principal  is  clear. 

Now  the  rate  of  crack  growth  under  a  given  driving  force  will  vary 
with  a  number  of  factors,  notably;  material,  geometry,  and  temperature. 

This  can  be  illustrated  by  a  simple  experiment  of  several  years  ago  (see 
Figure  7)  wherein  we  determined  the  number  of  blows  to  break  Charpy  "V" 
specimens  of  a  particular  steel  at  various  temperatures.  Of  course,  the 
number  of  blows  depended  upon  their  energy  and  the  temperature.  Without 
becoming  involved  in  the  difference  of  fracture  mechanisms,  I  point  the 
evident  fact  that  the  number  of  loading  cycles--that  is,  number  of  blowa-- 
decreased  sharply  at  a  transition  temperature.  Here  again  you  see  the 
aspect  of  finite  fatigue.  Probably  we  could  have  found  a  minimal  energy  of 
blow  to  initiate  and  propagate  fracture;  below  this  value  the  entire  energy 
of  the  blow  would  have  been  absorbed  in  elastic  deformation  of  the  specimen 
and  machine  parts. 


But  the  important  feature  here  is  the  role  of  temperature.  We  should 
know  how  temperature  affects  the  rate  of  crack  growth  in  our  motor  case 
metals. 


Another  way  we  could  reduce  rate  of  crack  growth  would  be  to  reduce 
the  driving  force,  G.  Since  G  is  a  function  of  the  nominal  stress,  which 
in  turn  is  determined  by  the  internal  pressure  of  the  motor,  there  is  not 
much  hope  in  this  direction  unless  we  wish  to  downgrade  performance.  But 
there  is  a  situation  where  the  nominal  stress  does  not  provide  the  entire 
driving  force,  i.e.,  when  residual  stresses  are  present.  By  relieving 
reaidual  stress,  we  can  reduce  locally  high  driving  forces. 
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the  bending  operation  the  metal  at  the  base  of  the  notch  was  upset  in  com¬ 
pression,  but,  when  the  load  was  released,  elastic  recovery  placed  the 
notch  base  in  tension.  By  inducing  bend  angles  of  sufficient  magnitude, 
sufficient  tension  would  be  created  upon  elastic  recovery  to  form  a  crack 
at  the  base  of  the  notch.  Precise  bending  allowed  us  to  control  crack 
length  and  likewise  to  induce  the  maximum  residual  stress  at  the  notch  base 
which  could  be  withstood  without  formation  of  a  crack.  By  breaking  these 
specimens  in  an  impact  testing  machine  in  the  conventional  manner,  it  was 
possible  to  observe  the  effect  of  these  various  conditions.  The  next  figure 
(see  Figure  9)  shows  several  interesting  features; 

1.  Above  the  transition  temperature,  performance  is  essentially  unaf¬ 
fected  by  residual  stress  alone  or  by  the  presence  of  tensilely- stressed 
cracks  at  the  base  of  the  notch. 

2.  The  presence  of  a  tensilely-stressed  crack  at  the  base  of  the  notch 
will  seriously  impair  impact  strength  below  the  transition  temperature. 

3.  High  residual  tensile  stress  at  the  base  of  the  notch  will  also 
impair  impact  strength  below  the  transition  temperature  and  can  be  as 
effective  in  this  regard  as  a  tensilely-stressed  crack. 

In  this  particular  instance  where  specimens  of  AISI  4340  quenched  and 
tempered  to  165,000  psi  were  tested,  these  pretreatments  do  not  seem  to 
have  affected  the  transition  temperature.  Nor  did  they  for  specimens  of 
the  same  steel  at  130,000  psi.  At  215,000  psi  strength  level  the  picture 
was  less  certain,  both  because  the  transition  curve  differed  in  character 
and  because  control  of  crack  initiation  was  more  difficult. 

To  check  the  effect  of  prior  stress  (simulating  residual  stress)  upon 
impact  energy,  the  contraption  shown  in  the  next  figure  (see  Figure  10) 
was  constructed.  It  enables  us  to  stress  the  notch  of  a  psuedo-Charpy  "V” 
specimen  in  controlled  amounts  and  to  strike  the  stressed  specimen  with 
impact  blows  from  a  drop  weight.  The  breaking  energy  is  determined  by 
cut-and-try  with  limited  combinations  of  impact  energy  corresponding  to  four 
heights  of  drop  one  foot  apart  and  three  weights  of  1,  2,  and  5  lbs. 
Accordingly,  breaking  energies  are  bracketed  rather  than  determined  precisely. 
Nevertheless,  the  picture  to  date  is  enlightening  (see  Figure  11).  The 
steel  specimens  for  these  data  were  heat  treated  to  230,000  psi  yield 
strength  (to  match  our  better  motor  case  steels)  and  prestressed  to  0%, 
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50%,  75%,  and  100%  of  the  proportional  limit.  The  degree  of  preatreaaing 
obviously  raises  the  transition  temperature.  Beyond  this  we  cannot  state 
with  certainty  until  our  curves  are  more  exactly  defined. 

These  findings  are  similar  to  those  reported  by  Kihara  and  Masubuchi 
who  tested  plate  weldments  with  residually  stressed  crack  starters  (see 
Figure  12).  Their  results  are  summarized  in  the  following  plot  (see  Figure 
13).  The  authors  define  the  conditions  for  partial  and  complete  fracture 
with  and  without  residual  stress  at  a  sharp  notch.  You  will  observe  that 
the  weldment  ignores  the  presence  of  sharpy  notches  and  residual  stress  above 
the  transition  temperature.  Below  this  temperature  the  notch  substantially 
reduces  the  applied  stress  to  failure.  A  residually  stressed  notch,  more* 
over,  caused  failure  at  applied  stresses  well  below  the  yield  point  of  the 
base  metal.  If  a  residual  stress  promoted  crack  initiation  at  low  values 
of  applied  stress,  the  cracks  would  not  run  to  failure,  but  would  quit  after 
a  short  distance.  It  was  then  necessary  to  raise  the  applied  stress  to 
yield  level  in  order  to  complete  failure.  On  the  other  hand,  if  residual 
stresses  were  not  sufficient  to  promote  cracking  until  higher  orders  of 
applied  stress  were  reached,  cracking  once  started  proceeded  to  failure. 

This  behavior,  Kihara  and  Masubuchi  concluded,  was  attributable  to 
relief  of  the  residual  stresses  by  formation  of  limited  cracks.  I  think 
we  can  explain  their  observations  by  assuming  that  cracks  initiating  under 
the  combined  action  of  residual  and  applied  stress  must  grow  to  a  sice 
critical  for  the  latter  alone  in  order  to  propagate  continuously  to  failure. 
If  the  added  impetus  of  residual  stress  is  exhausted  before  this  sice  is 
reached,  the  applied  stress  cannot  continue  rapid  propagation  of  the  crack. 

Our  Japanese  friends  concluded  that  relief  of  residual  stresses  by 
plastic  deformation  in  the  ductile  temperature  region  offered  a  considerable 
benefit,  even  though  this  might  bring  about  limited  crack  propagation.  They 
conducted  the  following  experiment  (see  Figure  14)  in  which  specimens  were 
subjected  to  pre-loads  above  the  transition  temperature  before  testing  to 
failure  at  a  lower  temperature.  They  found  that  this  procedure  assured 
fracture  streaaea  at  the  lower  temperature  at  least  equal  to  the  preload 
stress  applied  at  the  higher  temperature.  It  would  seem  reasonable,  there¬ 
fore,  to  proof  test  rocket  motor  cases  in  this  fashion.  To  be  sure,  the 
pressure  medium  would  have  to  be  heated  in  order  to  get  most  of  our  popular 
motor  case  steels  above  the  transition  region,  but  this  is  not  insuperable. 
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(However,  1  disclaim  any  responsibility,  if  some  of  our  operators  get  boiled 
in  oil.)  By  proof  testing  above  the  transition  temperature  range  we  pay 
the  least  penalty  for  relieving  localized  residual  stress.  If  cracks  form 
in  the  process,  their  propagation  will  be  minimal.  Some  stresses,  which 
would  have  initiated  cracks  at  lower  proving  temperatures,  will  be  alleviated 
by  local  plastic  deformation  at  the  high  temperature. 

Let  us  now  consider  another  factor  in  fracture  behavior  of  sheet  metals 
which  has  had  rather  scant  attention:  gage.  Probably  many  of  you  have 
assumed  that  the  fracture  energy  is  directly  proportional  to  gage.  This  is 
not  a  good  generality.  The  next  Figure  (see  Figure  15)  compares  sheet  of 
1100-F  and  2024-T4  aluminum  alloys.  You  will  note  that  impact  energy  is 
proportional  to  gage  in  the  stronger,  relatively  brittle  2024-T4.  However, 
this  does  not  hold  strictly  true  for  the  weaker  and  highly  ductile  1100-F. 

In  brittle  fracture,  energy  absorption  is  directly  related  to  fracture 
surface  area,  ergo  to  sheet  gage  in  specimens  of  constant  width.  In  ductile 
fracture  another  factor,  the  volume  of  plasticity  deformed  metal  adjacent 
to  the  fracture  surface,  contributes  to  the  absorbed  energy.  This  factor 
is  not  linearly  related  to  gage. 

In  moderate  to  high  strength  steels,  however,  the  relationship  is  suf¬ 
ficiently  close  to  linear  that  we  can  think  in  this  fashion  as  a  matter  of 
convenience.  This  slide  shows  the  relation  for  a  steel  of  110,000  psi 
tensile  strength.  I  think  we  can  agree  that  the  relation  is  essentially 
linear  over  the  gage  range  for  sheet  products,  the  upper  limit  for  which 
is  usually  accepted  as  .250  inch. 

With  steel  sheet,  abrupt  variation  of  fracture  mode  with  temperature 
must  be  considered.  This  transition,  we  find,  is  also  influenced  by  gage, 
as  this  curve  (see  Figure  16)  illustrates.  Accordingly,  it  develops  that 
the  designer  must  evaluate  gage  not  only  for  load  capacity  and  stiffness, 
but  also  for  its  effect  on  toughness.  The  next  figure  (see  Figure  17)  shows 
this  rather  clearly.  For  a  service  at  -ISO^’C  there  is  good  reason  for  the 
designer  to  avoid  sheet  of  this  particular  steel  great  than  1/8  inch  in  gage. 

What  is  the  effect  of  strength  level  on  this  behavior?  The  next  figure 
(see  Figure  18)  shows  us  conventional  impact  energy  transition  curves  for 
simulated  sheet  machined  and  ground  from  AISI  4340  quenched  and  tempered  to 
165,000  and  210,000  psi  tensile  strength.  These  same  data  replotted  to 
reveal  the  effect  of  gage  show  an  interesting  pattern  (see  Figure  19). 


Those  of  you  with  telescopic  vision  will  note  the  subscripts  by  the  various 
aynl^ols'- these  represent  the  percent  of  fibrous  fracture  for  the  respective 
specimens.  At  a  selected  temperature  a  linear  relation  of  impact  energy 
to  gage  prevails,  if  the  fracture  is  completely  ductile,  i.e.  100%  fibrous. 
Likewise,  if  the  fracture  is  predominantly  brittle  as  at  lower  selected 
temperatures,  energy  is  linearly  related  to  gage.  Over  an  intermediate 
range  of  temperatures  the  mode  of  fracture  will  change  from  completely 
ductile  to  partially  ductile  as  gage  increases.  The  pattern  at  a  lower 
strength  level  is  similar  with  fracture  transitions  occuring  at  lower  temp* 
eratures  and/or  heavier  gages  as  would  be  expected  (see  Figure  20). 

Now  that  we  are  thinking  in  terms  of  gage,  let  us  consider  how  tough¬ 
ness  will  vary  with  gage  and  strength  level.  Back  in  1949  Baeyertz,  Craig, 
and  Sheehan  developed  some  data  which  show  that  impact  strength  of  heat 
treated  AISI  4340  in  fully  ductile  fracture  varies  inversely  as  a  linear 
function  of  hardness  over  the  range  31-46.  Converting  hardness  to 
strength  allows  the  plot  shown  in  the  next  figure  (see  Figure  21).  If  we 
assume  that  impact  strength  increases  proportionately  with  section  thick¬ 
ness  (which,  we  have  seen,  is  essentially  correct  for  sheet  of  4340  within 
the  ductile  range  of  gage  and  temperature),  we  can  calculate  the  increase 
in  impact  energy  corresponding  to  the  substitution  of  a  weaker  and  thicker 
sheet  for  a  stronger  and  thinner  one  of  the  same  load  bearing  capacity.. 
Further  calculation  (see  .Figure  22)  shows  increase  in  impact  energy  as  a 
function  of  tensile  strength  decrease,  gage  increase  and  weight  increase, 
all  on  a  percentage  basis.  It  is  evident  that  the  motor  case  designer  can 
obtain  a  substantial  improvement  in  toughness,  that  is,  greater  resiatance 
to  crack  propagation  and  increased  tolerance  for  defects,  by  recourse  to 
heavier  gages  at  lower  strength  levels.  However,  he  need  not  follow  this 
practice  throughout  his  de8ign--and,  indeed  weight  limitation  would  not 
permit  this--he  can  confine  the  heavier  sections  to  those  areas  where  defects 
cannot  consistently  be  avoided.  Weld  beads  are  typical  defect  areas.  Some 
case  designs  (see  Figure  1),  such  as  this  one  which  we  saw  previously, 
incorporate  "reinforced"  aectiona  in  the  vicinity  of  the  girth  weld  beads* 

I  cannot  say  whether  the  various  matters  we  have  discussed  were  considered 
in  developing  this  particular  case;  probably  they  were  not  considered  in 
quite  the  same  fashion.  As  you  will  hear,  this  design  has  proven  very 
successful.  I  should  like  to  think  that  we  can  do  atill  better.  Thank  you. 
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FIGURE  4 
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INfACT  ERER6Y  (FT-LBS  PER  BLOW) 


4.  HUMBER  OF  BLOWS  TO  EFFECT  COMPLETE  FRACTURE,  IMPACT  ENERGY  PER 

BLOW  VS  TEST  TEMPERATURE 
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FIGURE  7 


RELEASE  OF  LOAD 
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FIGURE  8 
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FIGURE  9 
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TEMPERATURE  (®C) 

IHFLUEMCE  OF  RESIDUAL  TEMSILE  STRESS  AND  TEMSI LELY-STRESSED  CRACKS  AT  THE  BASE 
OF  THE  NOTCH  UPON  TOUGHNESS  OF  CHARPY  Y  SPECIMENS  OF  AISI  «WIW  STEEL  QUENCHED 
AND  TEMPERED  TO  165,000  PS I  TENSILE  STRENGTH. 
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IMPACT  EVERGY  TRANSITION  CURVES  FOR  V-NOTCHED  SPECIMENS  OF  230.000 
PSI  YIELD  STRENGTH  STEa  PRESTRESSED  TO  VARIOUS  PERCENTAGES  OF  THE 

PROFORTIONAL  LIMIT 
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FIGURE  II 


A  -  TEST  SPECIMEN 


C  -  NOTCH  DETAILS  (PLAN) 
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SPECIMEN  USED  IN  SECOND  SERIES  OF  TESTS 
(All  dimention*  in  inm) 
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FIGURE  13 


GAGE  OF  SIMULATED  SHEET  (INCH) 

IMPACT  EliERGY  OF  SIMULATED  SHEET  VERSUS  CAGE,  COlillERCIALLY 
PURE  ALUMINUM,  IIOO-F,  A!ID  ALLOY  2024.T4. 
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FIGURE  16 
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THiCKHESS  OF  LANIHA  (IRCh. 

IMPACT  BEHAVIOR  OF  SIMULATED  SHEET  MACHIKEO  FROM  HEAT-TREATED  LOW  ALLOY 
STEEL  BY  LAMINATED  CHARPY  TEST 
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FIGURE  17 
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FIGURE  18 


11-27 
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THICKNESS  OF  SIWUTED  STEEL  SHEET  (INCH) 

IMPACT  ENERGY  VERSUS  GAGE  AT  VARIOUS  TESTING  TEMPERATURES.  SIMUUTED  SHEET  OF 
A  IS  I  WHO  QUENCHED  AND  TEMPERED  TO  210,000  PS  I  TENSILE  STRENGTH  (STEEL  D). 
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FIGURE  21 
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FIGURE  22 


HEIGHT  INCREASE  (JO;  DECREASE  IN  TENSILE  STRENGTH  (jO 

INCREASE  IN  IMPACT  ENERGY  VERSUS  DECREASE  IN  TENSIl£  STRENGTH  AND  INCREASE  IN  WEIGHT 
WITH  REFERENCE  TO  FIGURE  9 


A  Modern  High-strength  Steel  for  Ordnance  Applications 

jL 

Carl  M.  Carman 

Modern  recoilless  rifle  developments  needed  a  high-strength, low-alloy 
steel  having  a  high-yield  strength  to  reduce  the  weight  of  the  weapon. 

To  make  the  weight  reduction  worthwhile,  a  minimum  yield  strength  of  200,000 
psi  at  0.10%  offset,  corresponding  to  approximately  220,000  psi  yield  strength 
at  0.20%  offset,  was  required.  In  addition  to  these  high-strength  values, 
a  high  degree  of  fracture  toughness  under  plane  strain  conditions  is  neces¬ 
sary  to  guarantee  slow  crack  propagation  through  the  wall.  The  same  is 
required  under  plane  stress  conditions  to  insure  slow  failure  once  a  crack 
has  penetrated  the  wall.  Since  these  weapons  must  fire  many  rounds,  a  good 
finite  fatigue  life  in  the  presence  of  high-stress  concentrations,  plufi 
reasonable  high- temperature  strength  values,  imposes  additional  requirements. 

Examination  of  these  specifications,  plus  the  fact  that  tlie  recoilless 
rifle  wall  is  only  approximately  0.100  inch  thick,  shows  that  the  problems 
encountered  in  recoilless  rifle  service  are  very  similar  to  those  encountered 
in  missile  design.  The  similarity  between  these  problems  is  heightened  by 
the  consideration  being  given  to  using  roll  ring  forgings,  flow  turning, 
and  hydrospinning  for  missile  parts.  In  fact,  the  problems  encountered  in 
recoilless  rifle  service  may  be  more  severe  since  this  is  a  many  shot  device. 

A  survey  was  made  of  the  commercially  available  high-strength  steels,  and 
it  was  found  that  those  with  sufficient  strength  were  deficient  in  ductility 
and  those  with  adequate  ductility  were  low  in  strength. 

These  results  Indicated  that  maximum  toughness,  ductility  and  resistance 
to  tempering  at  slightly  elevated  temperature  were  developed  by  the  high- 
silicon  steels  tempered  at  600°  F.  Also,  it  was  found  that  the  carbon  con¬ 
tent  should  be  as  low  as  possible,  consistent  with  the  desired  strength  level, 
to  obtain  highest  values  of  fracture  toughness.  Based  on  these  general 
principles,  the  following  composition  was  developed  by  Frankford  Arsenal  for 
recoilless  rifle  service:  0.30/0.35  C,  0.75/1.00  Mn,  0.80/1.00  Cr, 

1.50/2.00  Ni,  0.40/0.60  Mo,  0.08/0. 12jV,  and  1.40/1.70  Si.  This  steel  was 
designated  by  Frankford  Arsenal  as  .4330V  (Mod  +  Si)  steel. 

The  steel  was  melted  as  a  one-ton  induction  furnace  heat  and  was  press- 
forged  to  a  one-inch  square  bar  from  a  thirteen-inch  ingot.  The  various 
samples  were  normalized  from  1700°  F,  oil  quenched  from  1625°  F,  and  were 
tempered  for  four  hours  at  the  various  temperatures.  The  tensile  properties 
of  this  steel  as  a  function  of  tempering  temperature  are  given  in  Table  I 
and  Figure  1. 

Attention  is  directed  to  the  broad  plateau  in  the  yield  strength  and 
tensile  strength  curves  for  tempering  between  450°  and  650°  F.  This  indi¬ 
cates  a  relative  insensitivity  of  strength  to  tempering  temperature  over 
this  temperature  range.  The  phenomenon  has  been  explained  in  terms  of 
the  start  of  the  third  stage  of  tempering  by  Alstetter,  Cohen  and 
Averbach. ^ 


ic  Friankford  Arsenal 


Fracture  Toughness  Considerations 


As  desirable  as  these  tensile  properties  are,  they  give  no  indication  of 
the  material  behavior  in  the  presence  of  high-stress  concentrations,  which  is 
considered  of  the  utmost  importance  for  these  applications.  Although  there  is 
no  theory  which  completely  describes  and  predicts  the  fracture  toughness  of  a 
material,  the  Griff ith-Irwin  (2»3,4)  theory  of  fracture  most  nearly  fulfills 
these  requirements . 

To  study  the  material  behavior  under  conditions  of  plane  strain,  cir¬ 
cumferentially  notched  rounds,  0.505-inch  and  0.750-inch  diameter  specimens, 
were  used  and  are  shown  in  Figure  2. 

*  In  Figure  3,  the  fracture  toughness  values  for  plane  strain  fracture 
Kic  ^  and  the  notch  strength  are  plotted  as  a  function  of  tempering  tem¬ 
perature.  It  will  be  observed  that  the  notch  strength  and  plane  strain  frac¬ 
ture  toughness  show  a  minimum  after  tempering  in  the  temperature  range  of 
750°  to  950°  F.  This  is  attributed  to  embrittlement  which  normally  occurs  in 
alloy  steels  after  tempering  at  600°  F.  The  effect  of  high-silicon  content  is 
to  raise  the  tempering  temperature  at  which  this  embrittlement  may  occur. 

(5)'. 

Both  the  edge  notched  plate  tensile  specimen  described  by  Sachs  '  ■  ■  and 
Brown(^)  and  the  centrally  notched  plate  specimen  described  by  Irwin  and  Kies 
were  used  to  study  fracture  toughness  under  conditions  approaching  plane  stress. 
These  specimens  are  shown  in  Figure  4, 

In  Figure  5  the  crack  propagation  fracture  toughness  values  and  Kc2) 

for  4330V  (Mod  +  Si)  steel  are  plotted  as. a  function  of  tempering  temperature. 
These  values  follow  the  same  general  trend  as  that  reported  for  the  plane 
strain  fracture  toughness  values  and,  of  course,  for  the  same  reasons. 

Although  these  fracture  toughness  values  have  meaning  by  themselves,  it 
is  helpful  to  compare  these  values  with  those  for  other  widely  used  high- 
strength  steels.  The  tensile  strength,  yield  strength,  notch  strength,  and 
plane  straih  fracture  toughness,  Kj(;  ,  of  Airsteel  X200  are  plotted  as  a 
function  of  tempering  temperature  in  Figure  6.«  Similar  data  are  presented 
for  300-M  and  D6A  steels  in  Figures  7  and  8. 

These  results  show  that,  in  general,  the  4330V  (Mod  +  Si)  steel  has 
slightly  higher  values  of  than^the  other  steels  Investigated.  Actually 

there  is  no  great  difference  in  Kxr  values  among  these  high-strength  steels. 
The  values  range  from  60,000  pal  y in.  to  80,000  psi  VinT  when  they  are 
heat  treated  to  their  maximum  strengths.  | 

Comparisons  of  crack  propagation  fracture  toughness,  ,  of  4330V 
(Mod  +  Si)  steel,  D6A,  Airsteel  X200,  Hll  and  300-M  are  shown  in  Figure  9. 

These  tests  were  made  in  accordance  with  ASTM  standards. 


r*  Denotes  corrected  for  plastic  zone. 

A  factor  of  was  used  in  the  analysis  to  allow  for 

some  strain  hardening. 
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The  4330V  (Mod  +  Si)  steel  showed  very  high  values  of  fracture  toughness 
at  the  low  tempering  temperatures,  which  is  consistent  with  the  principal 
of  minimum  carbon  content  associated  with  the  strength  level.  In  addition 
to  the  evidence  presented  in  this  Figure,  the  specimens  of  4330V  (Mod  +  Si) 
steel  tempered  at  the  lower  tempering  temperatures  showed  considerable 
necking.  Comparison  at  the  220,000  psl  yield  strength  level  shows  that  the 
4330V  (Mod  +  Si)  steel  has  higher  values  of  fracture  toughness  than  either 
the  D6A  or  the  Airsteel  X200. 

The  300-M  steel  tempered  at  600®  F  failed  by  what  is  now  considered 
low-energy  shear,  but  did  show  higher  fracture  toughness  than  the  other  high- 
strength  steels.  The  Hll  steel  showed  fairly  low  values  of  fracture  toughness 
under  the  conditions  tested. 


Transition  Temperature  Effects  in  Notch  Testing 

Another  technique  of  comparing  materials  is  by  notch  testing  at  a  series 
of  subzero  temperatures,  as  suggested  by  Srawley  and  Beacham.^'^  In  these 
tests  the  crack  propagation  fracture  toughness  values  decrease  with  decreasing 
temperature  and  the  fracture  mode  shows  a  transition  from  shear  to  flat  frac¬ 
ture.  In  this  respect,  these  tests  show  behavior  very  similar  to  that 
exhibited  by  the  more  familiar  "V"  Notch  Charpy  impact  test. 

Transition  temperature  results  for  the  4330V  (Mod  +  Si)  steel,  300-M 
steel,  AMS  6434  steel,  and  AMS  6434  CEVM  (consumable  electrode  vacuum  melted) 
steel,  both  longitudinal  and  transverse,  are  shown  in  Figure  10. 

The  transition  effects  of  AMS  6434  CEVM  and  AMS  6434  are  shown  in  the 
top  two  sections  of  this  figure.  The  drop  off  in  Kco  in  the  longitudinal 
direction  occurs  at  -150°  F  for  the  AMS  6434  CEVM  and  at  -100°  F  for  the 
AMS  6434.  In  the  transverse  direction,  this  drop  off  occurs  at  -100®  F  for 
the  AMS  6434  CEVM  and  the  K^.  appears  to  fall  gradually  with  temperature  for 
the  AMS6434.  It  also  appears  that  the  directionality  is  less  pronounced  for 
the  AMS6434  CEVM  steel. 

The  4330V  (Mod  +  Si)  steel  shows  transitional  behavior  similar  to  that 
exhibited  by  the  AMS6434  steel.  The  room  temperature  Kc»  and  -150°  F  K^, 
compare  favorably  with  the  values  for  AMS  6434  and  AMS  6934  CEVM  at  a  lo^er 
yield  strength.  It  should  be  noted,  however,,  that  the  percentage  of  shear 
in  the  fast  fracture  decreases  more  rapidly  with  decreasing  teoperature  for 
the  4330V  (Mod  +  Si)  steel  than  the  AMS  6434  steel. 

The  properties  of  the  300-M  steel  decrease  very  rapidly  with  decreasing 
temperature  and  the  steel  becomes  relatively  brittle  at  -40°  F. 

Burst  Tests 

These  various  tests  Indicate  the  probable  behavior  of  this  steel 
under  multiaxial  stresses  but  do  not  fully  demonstrate  its  behavior  under 
service  conditions.  To  determine  this  probable  behavior,  model  sections  of 
a  90  mm  recoilless  rifle  were  made.  These  model  sections  were  loaded 


hydrostatically  to  failure  by  Watertown  Arsenal.  A  modified  type  of  Brldgeman 
seal  was  used  to  seal  the  ends. 

The  bedding  moments  Induced  by  the  change  In  section  Induced  extensive 
bulging  (Figure  11)  and  precluded  analysis  of  the  load- strain  curves  by  the 
simple  pressure  vessel  formula.  Elasticity  theory  was  used  to  analyze  the 
load-strain  curves  In  terms  of  combined  stress.  This  analysis  Is  as  follows: 


-  <r 

T 

"  <^R 

-  yi  cr^  *0-^) 

Since  we  are  considering  only  the  outer  fibers  the  radial  stress  Is’  zero. 
The  equations  then  reduce  to  the  following: 

<^L  - 

'■  The  Von  Mlses  criterion  was  used  to  calculate  the  combined  stress.  The 
equation  Is  as  follows: 

Cn?  “ 

The  analysis  was  applied  at  the  0.107.  yield  point  and  the  calculated 
comblned^value  compared  with  the  uniaxial  yield  strength.  These  results  are 
given  In  Table  II. 

These  values  closely  approach  the  uniaxial  values  of  yield  strength.  A 
more  detailed  plastic  analysis  would  probably  give  higher  values. 

Fracture  Initiation  and  propagation  In  these  vessels  was  by  shear. 

Table  II 


Hydrostatic  Test  Values 

Test  Chamber 

Internal  Pressure 

Hydrostatic  Yield 

Uniaxial  Yield 

Number 

for  Yielding  (psl) 

Stress  (psl) 

Strength  (psl) 

2B 

6,600 

185,000 

206,000 

1C 

6,370 

215,000 

Fatigue  Properties 

Since  recoilless  guns  are  designed  to  last  for  at  least  1000  rounds, 
there  Is  considerable  Interest  In  the  low  cycle-high  stress  portion  of  the 
fatigue  curve.  Two  types  of  specimens  were  used  for  this  portion  of  the 
Investigation.  One  Is  the  standard  R.  R.  Moore  rotating  beam  fatigue  speci¬ 
men  and  the  other  Is  a  notched  rotating  beam  type  specimen  having  a  stress 


concentration  of  *  6.7.  Stresses  were  selected  so  as  to  Induce  failure 
before  10^  cycles  were  reached.  These  results  are  shown  In  Figure  12. 

It  will  be  observed  that  the  Introduction  of  the  sharp  notch  ruduced  the 
fatigue  life  by  a  factor  of  35.  However,  even  at  a  high- stress  level  the 
notched  specimens  had  a  life  greater  than  1000  cycles. 

In  addition  to  these  tests,  specimens  were  stressed  at  125,000,  100,000, 
and  80,000  psl  and  were  run  for  80,  60,  40,  and  20  per  cent  of  the  cycles 
required  for  failure.  These  specimens  were  heat  tinted  and  broken  In  tension 
After  fracturing,  the  area  not  cracked  In  fatigue  was  measured.  The  results 
are  shown  In  the  lower  right  hand  corner  of  Figure  12.  These  data  show  that, 
as  the  stress  level  Is  raised,  the  percentage  of  uncracked  area  Increases  at 
the  higher  life  percentages. 


Temper  Embrittlement 

Since  either  In  firing  or  during  processing  the  steel  may  accidentally 
be  subjected  to  a  thermal  cycle  tending  to  produce  classic  temper  embrittle¬ 
ment,  the  susceptibility , of  this  steel  should  be  determined.  To  determine 
this  susceptibility,  100  V-notch  Charpy  Impact  specimens  were  machined. 

Fifty  of  these  specimens  were  subjected  to  a  thermal  cycle  devised  by  Powers 
and  modified  by  Low  (Table  III)  to  develop  embrittlement.  The  remaining  sam' 
pies  were  water-quenched  after  tempering  at  1100°  F  for  one  hour;... 


Table  III 

Power's  Embrittling  Cycle  as  Modified  By  Low 

Temper  1100°  F  for  1  hour 

Furnace  cool  to  1000  F  and  hold  15  hours 

Furnace  cool  to  975°  F  and  hold  24  hours 

Furnace  cool  to  925°  F  and  hold  48  hours 

Furnace  cool  to  875°  F  and  hold  72  hours 

Air  cool  to  room  temperature 

The  specimens  were  tested  over  the  temperature  range  from  room  tempera¬ 
ture  to  -320°  F.  The  results  are  shown  In  Figure  13. 

Based  on  the  energy  absorbed  It  may  be  concluded  that  the  material  Is 
sensitive  to  classic  temper  embrittlement.  This  contention  Is  supported 
by  metallographlc  examination  as  shown  In  Figure  14. 


Elevated  Temperature  Properties 

Since  these  weapons  may  reach  fairly  high  temperatures  during  firing, 
the  degradation  of  the  tensile  properties  with  Increasing  temperature  Is 
quite  Important  In  design.  Standard  0.505-lnch  diameter  tensile  specimens 


wera  machined,  heat  treated.,  and  tested  over  the  temperature  range  from  room 
temperature  to  1000^  F.  Transverse  teat  values  were  obtained  by  Watertown 
Arsenal.  These  results  are  shown,  in  Figure  15.  The  yield  and  tensile  strength 
values  show  the  usual  decrease  with  increasing  temperature  and  are  relatively 
insensitive  to  direction.  The  transverse  reduction  of  area  and  elongation  are 
less  than  the  longitudinal  values,  per  expectations. 


Commercial  Production 

Two  twenty-ton  basic  electric  arc  furnace  heats  of  this  steel  have  been 
melted  for  fabrication  into  larger  caliber  recoilless  weapons.  The  compo¬ 
sitions  of  these  heats  are  given  in  Table  IV. 

In  order  to  assist  in  further  Industrial  procurement,  standard  trans¬ 
verse  0.357-lnch  diameter  tensile  specimens  were  machined  from  the  gun 
forgings.  These  specimens  were  oil  quenched  from  1650<^  F  and  were  tempered 
ove.c  the  temperature  interval  from  450°  to  750  F.  The  tensile  test  results 
are  shown  in  Figures  16  and  17.  Each  point  represents  the  average  of  six 
individual  tests.  The  same  general  trend  of  yield  and  tensile  strength  will 
be  obsen/ed,  as  in  the  case  of  the  longitudinal  specimens.  The  tensile 
strength  of  Heat  No.  21L482  was  somewhat  lower  than  that  of  Heat  No;  21K631, 
as  would  be  anticipated  from  the  carbon  contents.  These  results  show  that 
the  mechanical  properties  are  reproducible  from  heat  to  heat,  and  ballistic 
tasting  of  the  weapons  shows  that  good  service  may  be  expected. 


Areas  for  Future  Work 

The  Griffith-Irwin  fracture  theory  will  satisfactorily  characterize 
the  fracture  behavior  of  material  very  well  and  provides  a  quantitative 
measure  of  fracture  toughness  (Kc  c)  *  fracture  toughness  may  also 

be  used  to  compare  materials.  In  addition,  this  theory  offers  the  promise  of 
being  able  to  predict  the  maximum  size  of  flaw  which  may  be  tolerated  before 
the  fracture  becomes  unstable.  From  our  present  state  of  knowledge,  it  ap¬ 
pears  that  the  most  important  application  will  remain  the  last  to  be  exploited, 
namely,  the  maximum  flaw  size.  Although  this  size  may  be  calculated,  sub- 
critical  flaws  will  grow  to  critical  size  in  Just  a  few  cycles  and  research 
is  needed  in  this  area.  The  effect  of  biaxial  stress  systems  on  crack 
initiation  and  propagation  needs  further  research. 


Table  IV 


Chemical  Analysis  of  Twenty-Ton  Heats  of  4330V  (Hod  SI)  Steel 


%  E lament  by  Weight 


Heat  No. 

C 

Mn 

8 

P 

Cr 

Ni 

Ho 

1 

21 

21K631 

0.34 

0.98 

0.005 

0.015 

0.95 

1.82 

0.42 

0.14 

1.37 

21L482 

0.31 

0.87 

0.004 

0.007 

0.87 

1.74 

0.45 

0.10 

1.45 
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Fig,  1.  Tensile  properties  of  4330V  (Mod  ♦  Si)  steel  as 
a  function  of  tempering  temperature 
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Fig.  2.  Circumferentially  notched  tensile  specimens 
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Fig,  3.  Notched  tensile  strength  and  Ktq  values  of  4330V  (Mod  ♦  Si) 
steel  as  a  function  of  tempering  temperature 


4.  Notched  sheet  tepsile  specimens 


FRACTURE  TOUGHNESS  Ke  ( 1000  p.s.i.  Vin) 


400 


390 


300 


290 


200 


190 


100 


90 


490 


••••••0  Ke,  CENTRALLY  NOTCHED  SHEET 


— KCg  EDGE  NOTCHED  SHEET 


f  FRACTURE  TOUGHNESS  GREATER 
THAN  THE  VALUE  PLOTTED 


irk 


990 


990  790  S90  950 

TEMPERING  TEMPERATURE  *F 


1090 


1150 


Fig.  5.  Crack  propagation  fracture  toughneaa  values  of  4330V  (Mod  *  SI) 
steel  as  a  function  of  tempering  temperature 
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Fig.  7.  Notched  tensile  strength  snd  Kjq  values  of  300>M  steel  as  a 
function  of  tempering  temperature 
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Fig,  8,  Notched  tensile  strength  and  Kjq  values  of  D6A  steel 
as  a  function  of  tempering  :emperature 
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Fig.  10.  Tr«n*ltlon  effects  for  4330V  (Mod  ♦  Si),  300-M,  AMS6434,  and  AMS6434  CEVM  steels 
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Fig.  13.  Impact  test  results  showing  classic  teoiper  eubrittleaent  of  4330V  (Mod  Si)  steel 
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Fig.  14.  Structure  in  temper  embrittled  4330V  (Mod  +  SI)  steel 
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Fig.  15.  Elevated  temperature  tenaile  propertlea  of  A330V  (Nod  ♦  Si)  ateel 


11-55 


55 


Fig.  l6.  Transverse  censile  values  for  4330V  (Mod  *  Si)  steel.  Heat  21K631 
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High  Alloy  Ferritic  Steels  for  Rocket  Casings 

By  R,  C,  Powell 
ft*att  and  TOiitney  Aircraft 
East  Hartford,  Conn. 

The  high  alloy  ferritic  steels  offer  a  number  of  advantages  for  use  as  high  strength 
solid  fuel  rooket  case  materials.  These  include  deep  air-hardening  capability,  pro¬ 
viding  ease  of  heatreatment  and  minimizing  distortion  problems;  a  high  tempering 
temperature,  providing  adequate  stress-relief  of  welded  assemblies;  good  weldability, 
without  the  necessity  for  special  techniques  such  as  preheating;  and  good  maohin- 
ability  and  flow-turning  characteristics. 

The  first  table  shows  the  chemical  composition  of  a  nxuober  of  high  alloy  ferrltio 
steels  which  might  be  considered  for  high  strength  pressure  vessels.  H-11  is  a  5^ 
ohromlum  hot  work  die  steel  with  extreme  deep  hardening  characteristics,  which  has 
been  evaluated  extensively  as  a  missile  case  material.  It  will  be  noted  that  the 
carbon  content  of  the  E-11  weld  wire  is  somewhat  lower  than  the  parent  material, 
to  minimize  the  problem  of  weld  oraoking.  IJnimaoh  II  is  a  more  highly  alloyed  mod¬ 
ification  of  H-11.  Greek  Ascoloy  and  Crucible  422  are  modified  12^  ohromium  stain¬ 
less  steels  with  excellent  air  hardenability,  moderate  corrosion  resistance,  and 
good  weldability. 

The  next  table  shows  typical  tensile  properties  for  these  steels.  The  properties 
of  H-11  are  shown  at  two  strength  levels,  approximately  220,000  psi  and  240,000  psi 
yield  strength,  at  which  full-scale  rocket  cases  have  been  fabricated.  Ihiimach  II, 
with  somewhat  higher  carbon  and  alloy  content,  provides  the  possibility  of  somewhat 
higher  properties,  but  the  higher  carbon  will  also  tend  to  increase  welding  prob¬ 
lems  . 

The  modified  12^  chromium  martensitic  stainless  steels,  with  their  lower  carbon 
contents,  have  somewhat  lower  tensile  properties  than  the  5%  ohromium  steels.  While 
they  possess  good  over-all  corrosion  resistance,  they  are  sensitive  to  stress-corrosion 
when  teiqpered  in  the  secondary  hardening  range.  Therefore,  for  application  in 


oorroalTe  enTironm&nts,  these  alloys  should  be  tempered  below  700F,  in  which  condi* 
tion  they  have  shown  no  eridenoe  of  a tress -corrosion  attack •  The  lower  tempering 
temperature,  howerer,  limits  strength  lerels  to  the  bottom  of  the  property  ranges 
shown. 

In  the  evaluation  of  steels  at  these  high  strength  levels,  oonsiderable  emphasis 
has  been  placed  on  notch  toughness  and  notoh-tensile  testing.  The  notoh-tensile 
strength  of  H-11  steel  has  been  explored  over  a  range  of  stress  ooneentration  fac¬ 
tors,  but  the  majority  of  our  testing  has  been  done  using  sheet  specimens  with  a 
0,022"  notch  radius  (Kt^d)  and  0,006"  notoh  radius  (Et"6),  The  next  figure  shows 
a  plot  of  smooth  tensile  properties  ▼ei'sus  notched  tensile  strength  of  H^ll,  as  in¬ 
fluenced  by  hardness.  It  will  be  observed  that  the  notched  tensile  strength  reaches 
a  maximum  of  slightly  over  200,000  psi  at  Rockwell  "C"  48-52,  Superimposed  on  this 
plot  sire  points  representing  the  realised  bursting  stresses  for  H-11  pressure  ves¬ 
sels,  both  sub-soale  and  full-scale,  (The  squares  represent  short  time  burst  tests 
on  9,4"  diameter  sub-soale  pressure  vessels,  the  triangles  show  sustained  load  sub- 
soale  tests.  The  circles  represent  full-scale  40"  diameter  oases  pressure  tested 
to  destruction,  and  the  diamond  a  40"  x  70"  full-scale  case  which  was  burst  tested). 
It  will  be  noted  that  the  failure  stresses  are  above  the  notched  ultimate  strength 
(at  Kt-8)  in  all  cases,  and  that  the  majority  of  the  failures  ooourred  at  stress 
levels  above  the  uniaxial  smooth  tensile  strength.  It  is  apparent  that  with  sound 
prooesslng,  strengths  considerably  in  excess  of  the  theoretical  notched  tensile 
strength  can  be  obtained.  However,  this  depends  on  rigorous  control  of  material 
qtmlity,  maohlning,  and  welding  to  avoid  introducing  notches,  and  proper  heatreat- 
ment  to  minimise  notoh  sensitivity.  It  might  be  mentioned  that  one  of  the  full- 
soale  oases  was  tested  at  -96F, 

It  has  been  demonstrated,  by  bend  tests,  ii^ot  tests,  and  burst  tests  on  both  sub- 
soale  and  full-sise  pressure  vessels  that  surfUee  deoartmrisation  has  a  definite 


benefioiftl  effect  on  both  ductility  and  notch  sensitivity  of  steels  at  high  strength 
levels.  The  bend  tests  shoum  in  the  folloiring  figure  were  performed  on  E>11  steel, 
welded  and  unwelded,  with  0.002-0 •004"  deoarburisation.  A  skin  of  partial  deoarbu- 
risation  controlled  to  a  thickness  of  0.002-0.006"  can  make  the  difference  between 
ductile  and  brittle  behavior  in  these  steels.  It  is  considered  significant  that  an 
e:q>erimental  full-scale  40"  x  70"  ease  containing  decarburized  flow-turning  surface 
laps  up  to  0.006"  deep,  nevertheless  sustained  a  w^ll  stress  of  269.000  psi  before 
rupture.  The  next  figure  shows  such  a  decarburized  layer  on  H-11  steel.  It  should 
be  noted  that  the  deoarburizing  of  the  5^  ehrcmium  steels  is  somewhat  more  sluggish 
than  of  the  lower  alloy  high  strength  steels,  and  this  permits  more  precise  control 
of  the  degree  and  depth  of  the  partially  decarburized  layer. 

In  using  steels  at  high  strength  levels,  control  of  material  quality,  particularly 
oleanliness.  is  especially  important.  Large  or  concentrated  non-metallic  inclusions 
and  segregation  can  have  an  adverse  effect  on  fabrication.  This  is  particularly 
true  iriien  flow-turning  is  used  for  generating  cylindrical  sections.  In  addition, 
large  inclusions  may  act  as  stress-iraisers  in  thin  wall  sections.  For  these  reasons, 
the  use  of  vacuum  melted  steel  is  considered  mandatory  for  this  application,  at  the 
high  strength  levels  used.  The  next  figure  compares  air««ielted  H-11  steel  with  the 
same  composition  produced  by  the  vacuum  consumable  electrode  melting  process.  Inclu¬ 
sions  similar  to  those  shown  at  the  left,  if  critically  located,  could  have  an  adverse 
effect  on  flow-turning  quality,  or  on  toughness. 

Considerable  experience  has  new  been  gained  in  the  manufacture  of  full-scale  H-11 
steel  solid  fuel  rocket  cases,  particularly  at  the  200.000-220.000  psi  yield  strength 
level.  With  careful  processing,  rigorous  quality  control,  and  heatreatment  to  pro¬ 
duce  a  protective  skin  of  deoarburization.  such  oases  can  be  made  to  withstand  re¬ 
peated  pressurizing  to  levels  well  above  the  uniaxial  yield  strength,  with  bursting 
strengths  approaching  and  beyond  300.000  psi.  At  '.his  strength  level,  such  cases 
still  possess  considerable  ductility,  as  evidenced  by  the  following  figure.  This 
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shoves  a  iiO"  diameter,  0«068’'  wall  full-scale  rocket  motor  case  which  was  burst  at 
ambient  temperature.  Calculated  wall  stress  at  failure  was  approximately  305,000 
psi.  Note  the  bulging  of  the  case,  indicating  considerable  ductility  under  multi- 
axial  stress.  A  higher  strength  levels  the  high  alloy  ferritic  steels  show  a 
declining  toughness  and  reduced  notch  strength;  this  same  trend  is  shown  by  the 
lower  alloy  high  strength  steels.  But  even  at  the  2li0,000  psi  yield  strength  level 
improved  design  and  careful  fabricating  and  heatreating  practice  permit  the  m^ufacture 
of  pressure  vessels  which  can  withstand  cyclic  testing  at  stresses  to  the  yield 
strength,  and  show  high  burst  strength  from  275,000  psi  to  over  300,000  psi. 

In  summary,  it  can  be  stated  that  the  high  alloy  ferritic  steels,  particularly 
the  5/"  chromium  hot  work  die  steels,  can  be  fabricated  into  pressure  vessels  capable 
of  repeated  loading  to  high  stress  levels,  and  showing  extremely  high  burst  strengths. 
In  oixler  to  realize  these  properties,  careful  design  and  strict  control  of  material 
quality,  processing  and  inspection  are  required. 


EMICAL  COMPOSITION  OF  HIGH  ALLOY 
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TYPICAL  TENSILE  PROPERTIES  OF 
HIGH  ALLOY  FERRITIC  STEELS 
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BURST  STRENGTH  OF  H-M  PRESSURE  VESSELS 
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Fig.  3 
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Fig.  7 


TITANIUM  ALLOTS  FOR  SOLID  ROCKET  CASINGS 


by  W.  H.  Sharp 

Rpatt  &  Vfhitney  Aircrafl;,  EAst  Hartford,  Conn* 


The  taro  tltanltun  alloys  under  consideration  for  solid  fuel  rocket 
motor  cases  are  the  6A1  -  liV  and  Beta  (B-120  VGA)  alloys,  ^y  reason  of  ex¬ 
tensive  experience  with  6-1;  in  aircraft  and  aircraft  engines,  one  could  call 
it  the  i;3l;0  of  titanium  alloys  available  today.  It  can  be  readily  forgedj 
in  the  solution  treated,  quenched  and  aged  condition  6-1;  develops  tensile 
ad-nima  of  IS  1^5,000,  TS  170,000  and  elongation  5^.  Fusion  welding  is  best 
acconplished  employing  commercially  pure  titanium  filler  under  inert  gas. 
Ix>oking  for  a  modest  gain  in  strength/weight  over  today’s  alloy  steel  rocket 
casings,  -the  6A1  -  1;V  alloy  is  a  good  choice.  Certainly  if  high  fracture 
toughness  at  high  strength/weight  ratios  were  the  sole  criterion,  6-1;  would 
take  precedence  over  the  steels,  6-1;  is  a  good  engineering  material,  and  we 
have  endorsed  it  by  using  it  widely  in.  aircraft  engines. 

In  looking  for  a  material  with  substantially  higher  strength/densilqr 
values  than  the  more  optimistic  valiies  for  steels,  we  decided  tqoon  VGA  (Beta) 
titanium  alloy  containing  13V  -  UCr  -  3A1  as  having  great  potential.  Cer¬ 
tainly  after  having  made  and  tested  all  manner  of  forgings,  rolled  rings, 
subscale  pressure  vessels  and,  finally,  after  having  made  several  full  scale 
rocket  motor  cases,  we  are  ever  more  hopeful  about  its  potential, 

VGA,  at  this  stage  of  devel.opmBnt,  is  more  difficult  to  forge  than 
6-i;,  VGA  foi*glnga  heatreated  to  high  strength  levels  can  be  expected  to  ma¬ 
chine  somewhat  more  difficultly  than  the  Icwer  strength  6-1;.  Welding  of  VGA 
is  not  easy  but  one  must  Isear  in  mind  that  it  took  some  years  to  come  tp 
with  dependable  fusion  welds  in  6-1;.  With  respect  to  cold  flow  (flow  turn¬ 
ing  or  shear  spinning) ,  the  beta  alloy,  as  was  anticipated,  aj^ears  to  be 
far  better  than  the  alpha-beta  alloy.  At  present  VGA  cylinders  can  be  gen¬ 
erated  by  cold  leductions  of  1;0^  without  intermediate  annealing  whereas  6-1; 
does  not  cqjpear  to  respond  to  cold  flow  turning,  6-1;  cylinders  will  have  to 
be  machined  from  oversize  hot  rolled  cylinders  unless  flow  turning  at  ele¬ 
vated  teaperatures  or  flow  turning  solution  treated  material  becomes  prticti- 
cable. 


Looking  at  some  of  the  mechanical,  properties  of  VGA  conponents  tar¬ 
geted  for  yield  strength  levels  of  180,000  psi  minimum  affords  a  good  plctture 
of  progress  made  thus  far: 

Figure  1  shows  the  tei^sile  properties  of  the  front  closure  from  the 
first  VGA  .fall  scale  motor  case.  'D^ls  forging  was  made  by  Wyman  Gordon  Coa- 
pany.  They  ipset  U;  In.  diameter  x  3?  in.  high  billet  into  biscuits  5  In, 
f’-  thick  at  a  tonporature  lunge  of  170C'  -  1800  F.  Biscuits  were  then  heated  to 

spproxlmately  ]J;00  F  and  further  upset  to  a  54  in,  diameter  x  1-1/2  -  2  in. 
thick  pancake.  After  rough  machining  to  remove  forging  scale,  the  pancake 
was  heated  to  1300  -  ll;00  F  and  hydraulically  pushed  through  a  draw  ring  by  a 
punch  with  a  contour  of  the  front  end  clo.suro.  As  may  be  seen,  the  warm 
work  in  the  I300  to  li;00  F  :;-Enge  ha.s  caased  a  favorable  response  to  the  sub¬ 
sequent  aging  at  900  F  for  60  hours.  The  aging  times  at  9OO  F  for  warm 
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worked  forgings  have  varied  from  11  to  60  hours.  We  have  noted  a  reduction  of 
strength  of  15,000  psi  at  the  polar  location  of  the  forgings,  and  have  recent¬ 
ly  learned  that  the  effect  is  principally  due  to  segregation. 

Properties  of  the  rear  closure  (Figure  2)  used  in  the  first  2nd  stage  ^ 
case  show  asomewhat  higher  level  of  properties  than  obtained  in  the  front 
closure.  The  explanation  for  the  10,000  psi  higher  yield  strength  lies  in 
aging  time  of  30  hours,  Jfeiterial  was  from  the  same  source,  the  same  heat;  the 
forging  was  made  by  the  same  technique  as  the  front  and  was  aged  at  900  F.  It 
is  observations  of  this  sort  which  will  permit  us  to  exercise  the  control  over 
VGA  required  for  high  strength  rocket  casings. 

Figure  3  gives  the  properties  obtained  in  the  flow  turned  cylindrical 
section  from  the  first  2nd  stage  rocket  case.  The  cylinder  was  made  as  follows: 

The  Ladish  Coitpany  upset  lli  in.  billet  at  1850  F.  The  center  of  the 
upset  was  punched  out  to  form  a  doughnutj  the  doughnut  was  heated  to  1850  F  and 
rolled  into  a  UO  in,  diameter  cylinder  approximately  15  inches  in  length.  The 
rolled  ring  was  finish  machined  to  a  39  in.  plus  diameter  12  in.  long  flow  turn¬ 
ing  blank  which  was  flow  t\amed  at  room  temperature  in  two  flow  turning  passes, 
of  about  kO^  reduction  each,  to  a  22  in.  long  cylinder  of  the  same  diameter. 

Between  flow  tumtag  passes  there  was  an  anneal  at  1325  -  1^00  F  for  15  minutes. 

The  flow  turned  cylinder  was  given  an  abbreviated  aging  cycle  of  850  F  for  30 
minutes,  considerably  less  than  the  warm  worked  forgings  by  reason  of  the  vastly 
greater  response  of  cold  worked  VGA  to  aging.  In  Figure  3  note  the  direction¬ 
ality  present  in  the  cylinder  caused  by  flow  turning:  Strength  in  the  circum¬ 
ferential  direction  is  of  the  order  of  10, OCX)  psi  higher  than  in  the  axial  di¬ 
rection,  a  characteristic  which  is  not  undesirable  inasmuch  as  the  ratio  of  cir¬ 
cumferential  (or  hoop)  stresses  to  axial  stresses  are  of  the  order  of  2:1  in 
rocket  cylinders.  We  have  noted  similar  directionality  effects  in  flow  turned 
and  aged  steels  of  the  precipitation  hardening  types  such  as  AM  350  and  17-7FH, 

As  is  well  known,  the  fracture  toughness  of  a  material  ~  the  resist¬ 
ance  to  fracture  that  a  material  exhibits  in  the  presence  of  a  defect  or  crack  — 
has  become  an  important  consideration  in  the  rating  of  steels  and  titanium  alloys. 

In  studying  the  fracture  toughness  of  6a1  -  1|V  and  VGA,  H.  E.  Romine  of  the  U.S. 

Naval  Wespons  laboratory  has  reported  (in  Technical  Memorandum  T-lli/60)  6-U  at 
a  yield  strength  level  of  150,000  psi  to  have  a  value  of  about  1200  for  the 
base  metal  and  6$0  -  700  for  the  weld  (no  filler  metal  was  used) .  VGA  heatreated 
to  a  yield  strength  of  200,000  psi,  gave  G^  values  of  170  for  the  base  metalj  the 
weld  zone  gave  average  values  of  12U.  Both  6-U  and  VGA  test  panels  were  sub¬ 
mitted  by  the  same  source  and  heatreated  and  welded  (by  the  TIG  method)  under 
comparable  conditions. 

Through  the  courtesy  of  Dr,  Romine  we  have  recently  obtained  Gc  values 
from  the  first  full  scale  rocket  motor  case.  Values  on  circvunferential  speci¬ 
mens  from  the  cylinder  were  625  and  681.  Welds,  produced  with  VGA  filler,  gave  ^ 

values  of  177  “  252  inch  pounds/inch^.  Figure  U  shows  the  specimens  from  which 
Gg  values  for  base  metal  and  welds  were  obtained.  Although  it  is  not  quite 
cricket  to  draw  favorable  conclusions  from  a  comparison  of  G^  values  on  200,000 
psi  material  as  opposed  to  180,000  psi  (for  the  cylinder),  it  certainly  is  valid 
to  say  that  the  fracture  toughness  of  the  full  scale  case  at  l80,000  psi  appears 
adequate  inasmuch  as  the  critical  crack  length  tolerance  for  ,080  inch  thick 
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material  is  2,1  -  2,UT»  The  fracture  toughness  values  for  the  welds,  oa 
the  other  hand,  would  suggest  that  further  development  of  welding  tech¬ 
nique  is  needed.  The  relative  lack  of  shear  in  fast  fractures  through 
VGA.  welds  argues  for  an  Improvement,  VGA  welds  tend  to  be  coarse  grained 
and  to  show  grain  boundary  precipitate,  IBider  the  OWO  development  pro¬ 
gram,  we  hope  to  ameliorate  these  two  conditions  to  provide  welds  of 
higher  strength  and  toughness. 

Comparing  the  circumferential  uniaxial  yield  strength  of  180,000 
psi  of  the  fiiet  case  with  the  0,25f  biaxial  yield  strength  of  200,000  psi 
shows  that  biaxial  loading  confers  an  11$  increase.  Based  upon  our  experi¬ 
ence  with  VGA  pressure  vessels,  the  11$  is  just  above  the  kick-up  range  of 
8  -  10$  for  yield  strength  and  11  -  13$  for  ultimate  strength.  This  is  In 
the  same  league  as  the  biaxial  kick-up  found  in  6-1*.  The  inherent  1$  -  25$ 
st^rior  strength  of  VGA  (the  density  differences  taken  into  account)  over 
6^,  coupled  with  an  equal  biaxial  kick-up,  makes  for  an  attractive  ma¬ 
terial. 


The  burst  stzength  values  of  pressure  vessels  plotted  against 
chronological  vessel  nnnlser  (Figure  5)  emphasise  that  burst  strengths  well 
in  excess  of  200,000  psi  are  definitely  attainable. 

In  conclusion,  the  successful  manufacture  and  pressure  testing  of 
a  full  scale  rocket  ease  demonstrates  the  great  potential  of  VGA  as  a  ma¬ 
terial. 


TENSILE  PROPERTIES  (70F)  OF  FRONT  CLOSURE 
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Fig.  I 
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Fig.  2 
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SUBSCALE  PRESSURE  VESSELS  OF  Va  TITANIUM  ALLOY 


COLD  ROLLED  STAINLESS  STEEL 


J.  F.  Watson 
J.  L.  Christian 

Convair-Astronmutics 
Division  of  General  Dynamics  Corp. 


The  cold-rolled  austenitic  stainiebs  steels  have  assumed  an 
important  position  in  missile  and  space  vehicle  applications 
where  they  are  used  as  skins  and  other  highly  stressed  structural 
members  at  temperatures  ranging  down  to  -423"F  (the  boiling  point 
of  hydrogen).  In  the  cold-rolled  condition,  this  alloy  class 
exhibits  an  outstanding  combinalion  of  properties  which  suits  it 
for  structural  application  in  missiles  and  space  vehicles  utilizing 
cryogenic  propellants.  The  critical  nature  of  structural  weight 
and  pressure  integrity  in  pressurized  cryogenic  propellant  tanka 
requires  a  material  having  an  optimum  combination  of  high  strength/ 
density  ratio,  weldability,  and  resistance  to  brittle  fracture  of 
cryogenic  tempera.turea ,  as  well  as  adequate  formability  and  corrosion 
resistance.  The  AISI  type  300  series  austenitic  stainless  steels 
are  used  for  this  type  of  application  due  to  their  excellent 
weldability  and  ..toughness  at  low  temperature  and  their  moderately 
high  strength/density  ratios  which  improve  markedly  at  lower  tem¬ 
peratures  . 

The  use  of  cold  work  to  improve  the  tensile  strengths  of  the 
AISI  type  300  series  stainless  steels  has  been  described  by 
Krivobok  (l),  Krivobok  and  Talbot  (2),  and  Krivobok  and  Lincoln  (S), 
This  improvement  in  properties  resulting  from  cold  work  is  due  to 
two  effects;  the  strain  hardening  induced  in  the  austenite  lattice 
by  cold  rolling,  and  the  strain-induced  transformation  of  austenite 
to  the  harder  martensite  phase.  The  first  of  these  effects  is 
approximately  the  same  in  all  of  the  300  series  stainless  steels; 
i.e.,  equivalent  amounts  of  cold  reduction  will  result  in  approx¬ 
imately  the. same  amount  of  strain-induced  strengthening  of  the 
austenite.  The  second  of  these  effects,  strain-induced  trans¬ 
formation  of  austenite  to  martensite,  differs  widely  between  the 
various  alloys  of  the  300  series,  and  exhibits  its  greatest  effect 
in  the  least  stable  steels  (4)  (S).  Stability  (i.e.,  resistance  to 
transformation)  is  a  function  of  chemistry,  temperature,  tensile 
stress,  and  prior  lattice  strain  (o)  (t)  (s)  (9)  (lO).  Nickel  is 
the  major  austenite  stabilizing  element  in  the  grade  of  stainless 
steel,  as  evidenced  by  the  relatively  low  stability  exhibited  by 
type  301  which  contains  7  percent  nickel  and  the  high  stability 
of  type  310  containing  20  percent  nickel.  The  other  alloys  of  this 
class,  such  as  the  302  and  304  ELC  reported  herein,  fall  between 
these  two  extremes  because  of  their  intermediate  nickel  contents 
(about  8  percent).  Second-order  effects  of  chemistry  on  austenite 
stability  are  due  to  v-iriations^  in  the  interstitial  carbon  and 
nitrogen  contents  of  the  various  alloys  because  these  elements 


also  act  as  austenite  stabilizers.  The  effect  of  chemistry  on  the 
temperature  for  tliis  grade  of  steel  has  been  reported  by  Eichelman  and 
Hull  (ll)  as  follows: 

Mg  (*F)  .  75(14.6  -  Cr  wt  Jt)  +  110(8.9  -  Ni )  + 

60(1.33  0  Mn)  +  50(0.47  -  Si)  + 

3000  (C.068  -  C  +  N) 

Low  temperatures  and  high  tensile  stresses  are  also  known  to 
promote  the  transformation  of  austenite  to  martensite  (l2)(l3),  and  thus 
the  low  temperature  tensile  tests  performed  in  this  investigation  favored 
this  reaction  for  all  alloys  and  tempers  studied.  For  any  given  alloy, 
the  cold  rolled  tempers  generally  exhibit  greater  stability  than  the 
annealed  temper  because  the  effect  of  prior  lattice  strain  acts  to  retard 
the  transformation.  This  prior  lattice  strain  tends  to  impede  the 
martensite  reaction  due  to  the  crystallographic  nature  of  tills  reaction 
which  involves  an  instantaneous  atomic  shear  mechanism  that  occurs  most 
easily  in  a  strain-free  lattice.  Thus,  annealed  material  (such  as  that 
associated  with  welded  joints)  would  tend  to  be  more  susceptible  to  this 
reaction  than  would  the  cold-rolled  base  metal. 


AISI  Type  301 

These  considerations  explain  why  type  301  stainless  steel,  the 
least  stable  of  the  300  series,  exhibits  the  greatest  increase  in  tensile 
strength  for  a  given  percentage  cold  reduction  for  any  alloy  of  this  class 
Figure  1  shows  that  extra-full-hard  (about  60  percent  cold  rolled)  type 
301  has  tensile  and  yield  strengths  of  about  220  and  200  ksi,  respectively 
accompanied  by  an  elongation  of  about  5  percent  at  78^F.  The  limiting 
factor  in  this  strengthening  process  is  the  low  elongation  and  toughness 
associated  with  the  even  harder  tempers.  For  example,  type  301  cold 
rolled  78  percent  has  a  tensile  strength  of  300  ksi  at  78*F,  but  its  low 
toughness  (as  measured  by  notched  tensile  ratios)  and  low  elongation  makes 
it  suitable  for  missile  applications  which  require  a  high  order  of  resis¬ 
tance  to  brittle  failure. 

This  consideration  of  toughness  becomes  even  more  critical  at  lower 
temperatures,  because  the  strain-induced  martensite  exhibits  a  ductile- 
to-brittlc  transition  at  subzero  temperatures  and  reduces  the  toughness 
of  the  alloy  drastically.  In  tliis  study  toughness  was  measured  by 
notched/unnotched  tensile  ratios  (stress  concentration  factor,  .  6.3) 
rather  than  by  Charpy  V-notch  tests  because  no  fully  reliable  impact 
teat  for  thin  sheet  lias  yet  been  devised.  The  stress  concentration 
factor  of  6.3  was  chosen  because  notcbed/unnotched  tensile  tests  at  this 
level  of  notch  acuity  have  correlated  with  axial  fatigue  tests  of  complex 
welded  joints  over  the  temperature  range  of  from  78®  to  -423®F  (l4). 

Within  certain  well  defined  limits,  the  data  obtained  in  this  study 
on  type  301  were  in  general  accord  with  other  data  describing  the  behavior 
of  face  centered  cubic  materials  at  low  temperature  (is).  This  typical 


behavior  of  face  centered  lattices  is  characterized  by  relatively 
large  increases  in  tensile  strength  with  decreasing  temperature » 
the  retention  of  toughness  at  low  temperature.  The  magnitude  of 
the  increase  in  tensile  and  yield  strengths  has  been  found  to  depend 
on  the  degree  of  cold  work  in  the  sample  prior  to  testing.  In 
general,  increasing  amounts  of  cold  work  reduce  the  magnitude  of 
the  increase  in  tensile  and  yield  strength.  Wessel  for  example, 
found  that  the  tensile  strength  of  annealed  nickel,  which  is  face 
centered  cubic,  increased  fivefold  between  1110*F  and  -423*F, 
compared  to  a  twofold  increase  in  yield  strength  between  the  same 
temperatures  (is).  In  contract  to  this  behavior,  Wessel  observed 
a  46  percent  increase  in  the  tensile  strength  of  body  centered 
cubic  annealed  beta  brass  between  70*F  and  -423*F  compared  to  a 
240-percent  increase  in  yield  strength  between  the  same  temperatures. 
In  cold-worked  alloys  smaller  percentage  changes  would  be  expected, 
although  the  relative  changes  would  remain  the  same. 

Outside  of  the  well  defined  limits  mentioned  above,  anamolous 
behaviors  were  observed  in  the  cold-worked  301  stainless  steels 
which  were  found  to  have  been  caused  by  a  sold-state  transformation 
of  austenite  (face  centered  cubic)  to  martensite  (body  centered 
tetragonal).  This  austenite-to-martensite  reaction,  which  had  a 
strong  influence  on  all  of  the  properties  studied,  is  known  to  be 
favored  by  both  low  temperature  and  high  tensile  stress  (6).  In 
this  study,  martensite  was  found  to  be  formed  both  during  cold 
work  at  room  temperature,  and  during  tensile  testing  at  low  tem¬ 
perature.  The  microstructure  containing  martensite  formed  under 
these  two  separate  conditions  apparently  had  somewhat  different 
properties. 

The  yield  stress  data  of  Figure  1  (301-60-percent  cold-rolled) 
show  a  relatively  large  (about  25  percent)  increase  between  70*F 
and  -320*F  which  is  not  characteristic  of  face  centered  alloys, 
especially  in  the  cold-worked  tempers.  This  condition  (i.e., 
increases  in  yield  strength  which  equal  increases  in  tensile 
strength)  strongly  suggests  that  some  other  common  metallic 
structures  (h.c.p.  and  b.c.c.)  are  know  to  exhibit  relatively  large 
increases  in  yield  strength  with  decreasing  temperature  (is). 
Furthermore,  the  large  increases  in  yield  strength  associated  with 
the  samples  possessing  greater  degrees  of  cold  work  would  indicate 
that  the  more  highly  cold-worked  samples  contain  more  of  the  non¬ 
face  centered  phase.  This  is  in  accordance  with  other  work  which 
has  shown  that  increasing  amounts  of  cold  reduction  result  in  larger 
amounts  of  martensite,  and  is  confirmed  by  Magne-gage  and  x-ray 
diffraction  studies  obtained  in  this  study. 

The  relatively  high  notched/unnotched  tensile  ratios  that  occur 
at  -423*F  where  elongation  values  are  relatively  low  show  that 
elongation  is  not  a  measure  of  toughness,  or  notch  sensitivity. 

Until  recently,  many  investigators  have  been  using  the  terms  ductility 
and  toughness  interchangeably,  when  actually  they  measure  two 
distinctly  different  parameters.  Elongation,  which  is  a  measure  of 
ductility,  describes  the  ability  of  a  material  to  d»form  plastically 


under  conditions  of  slowly  applied  loads  in  the  absence  of  notches 
or  other  stress  conceptrations.  Toughness,  which  may  be  measured 
by  Charpy  V-notch  impact  strength,  notched/unnotched  tensile  ratios, 
and  various  tear  tests,  is  a  measure  of  resistance  to  failure  under 
conditions  of  impact  loading  and  stress  concentrations,  such  as 
notches,  rivet  holes,  inclusions,  sharp  re-entrant  corners,  etc. 
Combinations  of  impact  loads,  stress  concentrations,  and  low  tem¬ 
perature  form  the  severest  type  of  toughness  test,  and  are  all 
present  in  a  Charpy  V-notch  teat  conducted  at  low  temperature. 

The  correlation  of  these  variables  (i.e.,  strain  rate,  notch  acuity, 
and  temperature)  has  been  made  for  steels  by  Wallace  et  al  (16), 
and  these  concepts  may  be  extended  to  other  alloy  systems. 

The  data  of  Table  I,  which  pertains  to  both  longitudinal  and 
transverse  tests,  shows  that  the  transverse  notch/unnotch  tensile 
ratios  are  somewhat  lower  than  the  corresponding  longitudinal  ratios 
under  all  conditions  of  cold  work  and  temperature.  This  difference 
becomes  more  pronounced  in  areas  where  brittle  failure  tends  to 
occur  (i.e.i  at  -423^F  in  40-  and  60  percent  cold-worked  samples  and 
at  all  temperatures  in  the  78-percent  cold-worked  material).  This 
greater  embrittlement  in  the  transverse  direction  is  believed  to  be 
primarily  due  to  preferred  orientation  effects  resulting  from  the 
large  amounts  of  cold  work  introduced  into  this  alloy  during  cold 
rolling  rather  than  from  oxide  or  silicate  stringers,  because 
microscopic  examination  has  shown  this  steel  to  be  relatively  free 
of  nonmetallic  inclusions.  However,  second  order  reasons  for  this 
behavior  may  be  associated  with  the  microstructure  of  the  steel.  In 
the  transverse  notched  coupons,  the  crack  occurs  in  the  direction 
of  rolling.  Cracks  are  more  readily  initiated  and  propagated  in 
the  rolling  direction  than  the  transverse  notch/unnotch  tensile 
ratio  in  severely  cold-worked  metal  would  be  expected  to  be  somewhat 
lower  than  the  corresponding  longitudinal  value.  Similar  behavior 
has  been  observed  by  other  investigators  in  type  301  and  304L  cold- 
worked  austenitic  stainless  steels. 

The  data  of  Figure  2  show  that  an  optimum  amount  of  cold  work 
occurs  at  about  60-perceat  reduction  in  order  to  obtain  high  notch/ 
unnotch  ratios.  Ueduction  beyond  this  amount  results  in  excessive 
low  temperature  embrittlement  due  to  the  presence  of  large  amounts 
of  martensite  formed  by  cold  work  at  room  temperatures,  while  lesser 
amounts  of  cold  work  do  not  introduce  enough  defects  into  the  lattice 
to  impede  the  austensite-to-martensite  reaction  (which  results  from 
low  temperature  and  high  strain  during  deformation).  The  resulting 
large  amounts  of  martensite  which  occur  again  lead  to  embrittlement 
as  measured  by  the  notch/unnotch  ratio.. 

Absolute  measurements  of  percent  martensite  were  not  attempted 
for  several  reasons.  The  Uagne-gage  techni([ue  was  not  used  quanti¬ 
tatively  because  suitable  calibration  standards  were  not  available. 

The  x-ray  diffraction  technique  was  not  used  quantitatively  due  to 
the  large  degrees  of  preferred  orientation  present  in  the  cold-worked 
samples.  Uetallograpliic  calibration  of  the  Uagne-gage  and  x-ray 
techniques  was  not  possible  due  to  the  extremely  distorted  micro- 
structures  which  were  not  aiuenable  to  normal  metallographic  techniques 


for  determining  percent  martensite.  The  martensite  could  not 
be  discerned  in  the  structure  of  the  severely  cold  rolled 
steel  even  at  1000  diameters.  Finally,  volumetric  measure¬ 
ments  did  not  yield  suitable  sensitivity.  One  promising 
method  of  determing  percent  martensite  is  a  calibration  of 
the  Magne-gage  with  compacts  of  mixed  powders  (mounted  in 
very  small  amounts  of  Bakelite)  containing  known  amounts  of 
a  forromagnetic  phase  such  as  ferrite,  and  a  paramagnetic 
phase  such  as  austenite,  and  making  the  assumption  that 
alloying  effects  present  in  the  stainless  steel  would  not 
affect  the  results  significantly.  Another  promising  method 
is  to  bend  an  annealed  sample  of  type  301  at  low  temperature 
(-320®P)  so  that  varying  amounts  of  martensite  are  formed 
around  the  bend  radius.  These  areas  can  be  subjected  to  a 
microscopic  lineal  analysis  to  determine  the  amount  of 
martensite  present,  and  then  the  Magne-gage  can  be  calibrated 
directly.  Both  of  these  techniques  are  being  developed. 

The  behavior  of  the  other  300  series  stainless  steels 
reported  herein  can  be  interpreted  in  terms  of  the  well- 
known  behavior  of  austenite  (face  centered  cubic)  between 
78^  and  -423^F,  and  then  deviations  from  this  behavior  can 
be  explained  in  terms  of  the  presence  of  low  carbon  marten¬ 
site  (body  centered  tetragonal)  in  the  austenite  matrix. 

It  was  found  that  all  of  the  factors  which  control  the 
stability  of  austenite  were  operative  to  some  degree  in  this 
study  (i.e.,  chemistry,  temperature,  tensile  stress,  and  degree 
of  prior  lattice  strain). 


AISI  TYPE  302 

For  example,  type  302  stainless  steel  exhibits  tensile 
strengths  at  78*F  of  178  and  205  ksi  when  cold  rolled  40- 
and  60-percent,  respectively,  with  corresponding  elongations 
of  7-  and  3-  percent.  The  toughness  at  78*F  in  both  cases 
is  excellent  as  indicated  by  a  notcbed/unnotched  tensile 
ratio  of  about  1.07  in  both  cases.  These  facts  are  all  in 
accord  with  the  behavior  of  stable  austenite;  i.e.,  moderate 
increases  in  tensile  strength  with  cold  work  and  good  tough¬ 
ness,  which  is  associated  with  the  face  centered  crystal 
structure  at  all  temperatures.  The  stability  of  this  steel 
results  in  very  little  formation  of  martensite  during  the 
tensile  test  at  78*F,  as  shown  by  a  low  Magne-gage  ratio  at 
78*F.  However,  at  lower  temperatures  deviations  from  the 
typical  behavior  of  austenite  occur,  and  can  be  correlated 
with  the  occurence  of  the  austenite-to-martensite  reaction 
as  measured  by  Magne-gage  ratios  at  -320*  and  -423*F.  Although 
this  steel  is  relatively  stable  under  the  influence  of  tensile 
stress  at  78*F,  the  combined  effect  of  low  temperature  and 
tensile  stress  causes  large  amounts  of  martensite  to  form  at 
-320*  and  423*F.  This  formation  of  martensite  causes  the 
decrease  is  notched/unnotched  tensile  ratio  at  -320*  and  423*F. 


AISI  TYPE  304ELC 


Type  304ELC  stainless  steel  cold  rolled  50-percent  also  ex-* 
hiblts  the  typical  properties  of  face  centered  cubic  austenite  at 
78*P,  and  then  deviates  from  them  at  -320®  and  -423*P.  At  78* 
and  -100®F  this  alloy  exhibits  moderately  high  yield  and  tensile 
strengths,  and  has  good  toughness  as  shown  by  a  notched/unnotched 
tensile  ratio  of  1.09  at  both  temperatures  (see  Table  II  and 
Figure  3).  Uagne-gage  readings  confirm  that  no  martensite  is 
formed  during  tensile  testing  at  78®  and  -lOOF.  At  -320®F  how¬ 
ever,  the  Magne-gage  shows  that  large  amounts  of  martensite 
have  been  formed  during  tensile  testing.  In  this  case,  however, 
the  notched/unnotched  tensile  ratio  remains  at  1.04,  which  is 
not  in  accord  with  previous  data  on  types  301  and  302  which  showed 
that  the  formation  of  martensite  caused  embrittlement  at  low  tem- 
perture.  It  is  believed  that  in  this  extra  low  carbon  steel 
(0.023  percent  C)  the  martensite  formed  during  tensile  testing  is 
of  such  a  low  carbon  content  that  the  embrittling  effects  associ¬ 
ated  with  higher  carbon  martensites  are  greatly  reduced.  At 
-320®F  this  sample  exhibits  33-percent  elongation  in  conjunction 
with  the  formation  of  large  amounts  of  martensite  which  leads 
further  support  to  this  hypothesis.  At  -423®F  this  steel  fractures 
after  1-percent  elongation,  and  this  behavior  is  accompanied  by  a 
notched/unnotched  tensile  ratio  of  1.09,  a  tensile  strength  of 
279  ksi  which  is  about  30  ksi  greater  than  that  exhibited  at 
-320*F,  and  a  Uagne-gage  ratio  of  about  unity  which  shows  that 
almost  no  martensite  was  formed  during  the  tensile  test.  The 
fflicrostructure  of  the  fracture  surface  (tested  at  -423®F)  shows 
that  a  small  amount  of  martensite  did  form  during  tensile  testing 
and  acted  as  the  locus  of  the  fracture.  The  Uagne-gage  did  not 
measure  this  martensite  due  to  its  very  small  volume  and  its 
location  in  a  narrow  strip  along  the  edge  of  the  fracture. 

AISI  TYPE  310 

The  data  for  type  310  cold-rolled  stainless  steel  (Figure  4) 
are  in  accord  with  the  typical  behavior  of  fully  stable  austenite 
over  the  temperature  range  of  from  78*  to  -423*F.  No  deviations 
from  typical  behavior  (i.e.,  moderate  increases  in  strength  with 
increasing  cold  reduction  and  good  toughness  at  low  temperature) 
occur,  and  this  structural  correlation  is  confirmed  by  Uagne-gage 
ratios  which  show  that  no  martensite  is  formed  during  tensile 
testing  at  all  cryogenic  temperatures.  The  fully  austenitic 
cold-rolled  structure  retains  excellent  toughness  over  the  range 
of  from  78®  to  -42S®F. 


AISI  TYPE  301-N 

An  additional  steel  studied  in  this  program  was  type  301-N 
which  has  chemistry  similar  to  type  301  with  the  exception  that 
0.10  to  O.lS-percent  nitrogen  is  added  and  nickel  is  reduced  from 
7  to  6  percent.  According  to  the  work  of  Eichelman  and  Hull  (ll), 
the  effect  of  this  change  in  chemistry  is  to  lower  the  Ug  temperature 
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(i.e.;  to  increase  austenite  stability)  by  289”F,  compared  to  type 
301,  (This  calculation  yields  temperatures  of  -54*  and  -343*F 
for  annealed  types  301  and  301-N,  respectively.)  However,  Uagne- 
gage  ratios  indicate  that  more  martensite  forms  during  tensile 
testing  in  type  301-N  than  in  type  301  (see  Figure  23).  In  view  of 
previous  data  which  show  that  the  301-N  should  be  more  stable  than 
type  301,  it  appears  that  the  effect  of  interstitial  content (i . e . , 
carbon  and  nitrogen)  on  the  stress-induced  martensite  reaction 
overshadows  the  austenite  stabilizing  effect  of  the  chemistry 
present  in  type  301-N  on  the  temperature-induced  martensite  reaction. 

A  further  result  of  this  experimental  program  was  the  corre¬ 
lation  of  the  notched/unnotched  tensile  ratio  with  the  axial  fatigue 
properties  of  complex  welded  joints.  While  some  materials  retain 
useful  ductility  and  toughness  at  low  temperatures,  the  metal¬ 
lurgical  changes  produced  in  and  around  weld  zones  may  result  in 
low-temperature  embrittlement  of  weld  joints,  and  seriously  impair 
the  utility  of  such  metals  for  cryogenic  temperature  applications. 

It  has  therefore  proved  necessary  to  conduct  relatively  large-scale 
costly  testa  of  complex  test  specimens  and  fabricated  components 
before  it  it  is  possible  to  insure  that  materials  can  be  satis¬ 
factorily  employed  at  extremely  low  temperatures. 

In  developing  the  Atlas  missile  for  the  U.S.  Air  Force,  Convair- 
Astronautics  conducted  extensive  tests  of  base  materials  and  welded 
joints  at  room  and  at  liquid  nitrogen  (-320*F)  temperatures.  Ten- 
foot  diameter  prototypes  of  liquid  oxygen  and  fuel  tanks  were  con¬ 
structed  and  subjected  to  hydraulic  fatigue  and  rupture  tests  at 
both  temperatures,  the  liquid  oxygen  tanks  being  filled  with  liquid 
nitrogen  during  test. 

Axially  loaded  tensile  and  fatigue-test  specimens  incorporating 
welded  joints  similar  to  those  on  the  tanks  were  designed  which 
closely  reproduced  the  strength  and  fatigue  properties  of  the  large 
test  tanks  at  both  temperatures.  As  a  result,  these  axially  loaded 
tensile  and  fatigue  test  specimens,  having  test  area  widths  of 
approximately  4  in.  and  gage  lengths  of  20  in.,  have  been  standard¬ 
ized  for  the  evaluation  of  candidate  materials  for  large,  thin- 
skinned,  lightweight  propellant  tanks.  More  recently,  the  same 
techniques  were  successfully  applied  to  the  evaluation  of  materials 
for  large  liquid  hydrogen  fuel  tanks. 

The  axial  fatigue  test  of  welded  joints  at  liquid  hydrogen 
temperatures,  while  extremely  useful  and  discriminatory,  is  both 
costly  and  time  consuming,  requiring  several  thousand  cycles  of 
test,  extending  over  a  one-  to  two-day  period  per  specimen,  with 
specimens  immersed  in  liquid  hydrogen  throughout  the  test.  The 
notched/unnotched  tensile  ratio  reported  herein  is  a  simpler,  less 
costly  test  with  equal  or  superior  discrimination  capabilities  and 
can  be  used  to  rapidly  screen  candidate  materials  being  considered 
for  cryogenic  applications. 
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Tests  performed  to  date  at  Convair-Astronautics  have  demon¬ 
strated  that  axially  loaded  fatigue  tests  on  welded  joints  of  a 
number  of  extrahardi  cold-rolled  stainless  steels  of  Type  300 
series  tested  at  temperatures  in  the  range  of  +70®  to  -423®F 
correlate  with  notched/unnotched  ratios  obtained  from  tensile 
tests  of  small-base  metal  specimens  at  corresponding  test  tem¬ 
peratures  in  alloys  301 ,  301-N  and  310  in  the  cold  rolled  con¬ 
dition.  Table  III  contains  data  developed  at  Convair-Astronautics 
in  evaluating  materials  for  use  in  the  Atlas  missile  and  Centaur 
upper  stage. 

Table  III  demonstrates  the  correlation  between  the  notched/ 
unnotched  strength  ratios,  and  the  fatigue  resistance  of  complex 
welded  joints  tested  at  various  temperatures.  The  fatigue  tests 
were  performed  at  high  stress  levels,  approaching  90^  of  the  nominal 
yield  strengths  of  the  materials.  Thus,  the  number  of  cycles  to 
failure  are  relatively  low.  High  operational  stresses  are  character¬ 
istic  of  missile  design  where  minimum  weight  structures  are  of 
paramount  importance. 

Table  III  shows  that  when  the  notched/unnotched  ratio  is  unity 
or  higher,  the  fatigue  resistance  is  high;  when  the  ratio  drops 
below  unity,  the  fatigue  resistance  also  declines.  Fatigue  tests 
are  performed  at  a  uniform  stress  level  (a  maximum  of  144,000  psi) 
at  all  temperatures,  whereas  the  strengths  of  the  materials 
increase  with  decreasing  temperature.  Thus,  it  should  be  expected 
that,  if  materials  retain  their  resistance  to  brittle  fracture,  the 
fatigue  resistance  will  Increase  with  decreasing  temperatures.  The 
fact  that  this  does  not  always  occur  indicates  the  embrittlement 
which  is  apparent  in  Type  301-N  steel  at  -320®F  and  in  Type  301  at 
-423*F.  The  notched/unnotched  ratios  of  both  materials  at  the 
respective  temperatures  are  less  than  unity. 

If  materials  remain  ductile  at  reduced  temperatures,  their 
fatigue  resistance  increases  with  decreasing  temperature  if  the 
fatigue  stress  level  remains  constant  since  the  strength  of  materials 
increases  with  decreasing  temperature.  Note  that  the  fatigue  life 
of  welded  joints  in  Type  301  cold-rolled  steel  is  2671  cycles  at 
-320®F  as  compared  to  934  cycles  at  +70*F  when  fatigued  cyclically 
from  0  to  140,000  psi  stress.  The  static  tensile  strengths  of 
these  same  joints  increased  from  approximately  210,000  psi  ut  +70®F 
to  approximately  250,000  psi  at  -320®F;  thus,  while  the  fatigue 
stress  at  room  temperature  was  70^  of  the  tensile  strength,  the 
fatigue  stress  at  -320®F  was  reduced  tu  58-pcrcent  of  the  tensile 
strength,  hence  the  increased  fatigue  life. 

The  correlation  of  notched/unnotched  tensile  ratio  with  cycles 
to  failure  in  axial  fatigue  tests  of  complex  welded  joints  in  type 
301,  60-percent  cold  rolled,  is  shown  in  Table  III.  It  is  seen 
that  a  decrease  in  the  notched/unnotebed  tensile  ratio  from  0.09 
to  0.92  between  -320®F  and  -423®F  is  accompanied  by  a  decrease  in 
cycles  to  failure  in  axial  fatigue  tests  from  2093  cycles  to  633 
cycles  (at  the  same  stress  level  of  140,000  psi)  between  the  same 
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temperatures.  Thus  a  moderate  condition  of  embrittlement  exists 
in  this  alloy  at  -423®F,  and  the  severity  of  the  service  appli¬ 
cation  (stress  level,  stress  concentrations,  etc.)  will  determine 
if  this  alloy  can  be  used.  For  example ^  Table  III  shows  that 
for  a  lower  stress  level  in  the  axial  fatigue  test  (from  140,000 
psi  to  120,000  psi),  the  average  cycles  to  failure  increase  from 
633  cycles  to  1964  cycles  at  -423®P.  This  threefold  increase  in 
fatigue  life  is  due  to  the  steep  slope  of  the  S-N  curve  in  the 
low  cycle,  high  stress  range. 

This  condition  of  embrittlement  also  manifests  itself  in  the 
spread  of  experimental  data  obtained  from  repetitive  tests.  Table 
III  shows  this  effect  in  the  +  3  sigma  tabulation  of  cycles  to 
failure  in  axial  fatigue  tests.  These  limits  (i.e.,^  3  sigma) 
mean  that  in  an  infinite  series  of  identical  tests,  the  cycles  to 
failure  would  fall  within  the  given  limits  99.9  percent  of  the 
time.  It  is  seen  that  both  lower  temperatures  and  higher  stress 
levels  contribute  to  more  brittle  behavior,  as  indicated  by  wider 
^  3  sigma  levels. 

Where  better  fatigue  life  for  a  given  stress  level  is 
desired,  a  more  stable  steel  (i.e.,  one  in  which  the  austenite 
to  martensite  reaction  does  not  occur)  would  be  specified.  Sueh 
a  steel  is  AISI  type  310  ORES,  which  was  tested  in  the  40-,  60- 
and  75-pcrcent  cold  rolled  conditions. 

In  the  75-percent  cold  rolled  condition  this  alloy  sacri¬ 
fices  some  strength  at  78*F  as  compared  to  extra  full  hard  type 
301  to  obtain  complete  stability.  However,  the  increased  strength 
of  310  at  lower  temperatures  exceeds  the  room  temperature  strength 
of  type  301.  Thus  where  the  steel  is  stressed  only  at  low  tem¬ 
perature,  type  310  imposes  no  weight  penalty  where  room  temperature 
properties  are  the  basis  of  design  allowables.  This  stability  of 
type  310  is  reflected  by  the  higher  fatigue  life  of  this  material 
in  the  welded  joint  at  -423*F.  After  2000  cycles  (0-140,000  psi) 
at  -423®F,  only  one  small  crack  had  appeared.  Based  on  prior 
experience  in  fgtigue  tests  where  final  failure  occurs  after  50- 
percent  or  more  of  the  number  of  cycles  at  which  the  first  crack 
initiates,  it  can  be  conservatively  estimated  that  the  fatigue 
life  of  this  material  will  be  at  least  3000  cycles  at  -423®F;  this 
compares  with  633  cycles  for  the  301  ORES  at  -423®F. 

SUUUARY 

This  study  has  shown  that  the  most  promising  cold  rolled 
austenitic  stainless  steels  for  cryogenic  applications  in  missiles 
and  space  vehicles  are  type  301,  60  percent  cold  rolled;  type  310, 
75-percent  cold  rolled;  and  to  a  lesser  extent,  type  304ELC,  50- 
percent  cold  rolled.  The  type  301  exhibits  moderate  tendencies 
toward  brittle  behavior  at  -423®F,  and  in  those  applications  where 
maximum  resistance  to  brittle  behavior  is  required,  types  310  or 
304ELC  are  recommended  although  a  small  tensile  strength  penalty 


occurs.  Type  301  possesses  the  highest  yield  and  tensile  strength 
of  any  alloy  of  the  300  series  for  a  given  degree  of  cold  work. 
However,  the  solid  state  phase  transformation  of  austenite  to 
martensite  which  occurs  in  this  alloy  (under  the  combined  effects 
of  high  tensile  stress  and  low  temperature)  and  accounts  for  the 
high  tensile  strength  also  causes  a  moderate  condition  of 
embrittlement  in  this  alloy  at  -423®_P,  due  to  the  brittle  nature 
of  the  martensitic  phase.  Type  310  however,  remains  fully  stable 
(i.e.,  austenitic)  under  all  conditions  of  tensile  stress  and 
low  temperature,  and  for  this  reason  remains  tough  at  all 
cryogenic  temperatures.  However,  because  of  this  stable  austenitic 
structure,  the  yield  and  tensile  strengths  of  type  310  are  slightly 
lower  than  those  of  type  301.  Thus  the  choice  between  types  301 
and  310  depends  on  the  severity  of  the  application;  i.e.,  stress 
level,  temperature,  occurance  of  shock  type  loads,  and  presence 
of  stress  concentrations  such  as  rivet  holes,  sharp  re-entrant 
corners,  etc.  Type  310  is  recommended  for  the  more  severe  service 
condi tions . 

Austenitic  stainless  steels  of  AlSI  types  301,  302,  304ELC, 

310  and  301-N  exhibit  mechanical  properties  between  78®  and  -423®P 
that  are  structure  dependent,  and  the  dependence  of  this  structure 
on  chemistry,  temperature,  tensile  stress,  and  prior  deformation  is 
in  general  accord  with  previous  investigations  which  have  measured 
the  effects  of  each  of  these  variables  on  structure,  or  more 
specifically,  the  austenite  to  martensite  transformation. 

Type  301  cold  rolled  stainless  steel  exhibits  low  temperature 
mechanical  properties  that  are  dependent  upon  both  the  original 
austenitic  structure  and  upon  martensite  induced  by  combinations 
of  low  temperature  and  plastic  strain.  Reductions  in  tensile 
strength  and  elongation  between  -320®P  and  -423®P  are  indicative 
of  the  occurrence  of  the  austenite  to  martensite  transformation 
at  these  temperatures.  These  reductions  are  accompanied  by 
decreasing  notch/unnotch  tensile  ratios,  which  are  an  index  of 
embrittlement.  The  solid  state  transformation  of  austenite  to 
martensite  was  confirmed  and  measured  by  both  magnetic  and  x-ray 
diffration  techniques,  ileliarc  butt  welded  joints  exhibit  a  much 
larger  percentage  increase  in  tensile  strength  between  70®P  and 
-320®P  than  did  the  cold  worked  tempers.  The  weldments  also  exhibit 
embrittlement  between  -320®P  and  -423®F,  as  shown  by  decreases  in 
tensile  strength  between  these  temperatures,  accompanied  by  large 
scatter  in  the  test  data. 

The  behavior  of  fully  stable  alloys  such  as  AISI  type  310  at 
cryogenic  temperatures  is  in  accord  with  the  generalized  behavior 
of  face  centered  cubic  metals.  This  behavior  includes  the  retention 
of  toughness  at  low  temperatures  (i.e.,  high  notched/unnotched 
tensile  ratios)  and  moderate  increases  in  yield  and  tensile  strength 
with  decreasing  temperature  for  cold-worked  tempers.  The  behavior 
of  the  unstable  alloys  at  cryogenic  temperatures  is  dependent  upon 
the  amount  and  composition  of  martensite  formed  during  both  cold 
rolling  at  room  temperature  and  tensile  testing  at  cryogenic  tem¬ 
peratures. 
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Increasing  amounts  of  martensite  generally  act  to  increase  tensile 
and  yield  stre  gtlis  and  decrease  to  ughness  at  any  giro  a  temperature, 
althougli  the  raagnitude  of  tlie.se  effects  is  strongly  dependent  upon  r 
interstitial  content.  Thus,  tyjie  ^04Ii!LC  forma  large  amounts  of  marten¬ 
site  during  tensile  testing  at  -120®!*',  yet  retains  good  toughiie.sg  (notched/ 
unnotched  tensile  ratio  of  1.04)  due  to  the  low  carbon  content  (0.023- 
percent)  of  this  alloy.  Type  301-N,  which  undergoes  transformation  during 
tensile  testing  at  -320®P,  displays  much  more  brittle  behavior  than  type 
301  due  to  its  high  interstitial  content  (O . 13-;ercent  N  and  0.10-percent 
C) .  Alloys  commonly  regarded  as  stable  at  78®P  (i.o.,  type  302)  are  sub¬ 
ject  to  the  austenite-to-martensitc  transformation  at  -320*  and  -423*P, 
with  resulting  brittle  behavior  as  racusurod  by  low  notched/unnotched 
tensile  ratios.  The  magnitude  of  this  effect  is  dependent  upon  the  degree 
of  cold  work  at  room  temperature,  prior  to  tensile  testing  at  low  tempera¬ 
ture.  Generally,  an  optimum  degree  of  cold  work  exists  (such  as  60-pereen1 
in  type  30l)  which  yields  maximum  toughness  during  tensile  testing  at 
low  temperature. 

Type  304.iLC,  like  type  310,  remains  tough  at  -423 ®P  although  it 
forms  some  martensite  during  tensile  testing  at  -423®P.  This  martensite 
does  not  behave  in  a  brittle  manner  due  to  the  low  carbon  (.03-percent 
maximum)  content  of  this  alloy,  llov/ever,  other  investigators  have 
reported  various  toughnesses  for  this  alloy  at  lo»  temperature,  and  the 
discrepancies  appear  to  be  related  to  variations  in  chemistry  occurring  in 
this  alloy,  within  the  allowable  limits.  Thus,  since  type  304KLC  has  about 
the  same  strength  as  type  310,  and  c.iu  vary  i^uite  widely  in  toughness 
depending  on  ita  chomicul  composition,  type  310  would  be  recommended  in 
preference  to  type  304iSLC.  If  type  304ii:LC  can  be  cold  rolled  to  higher 
etrength  levels,  and  the  effecte  of  chemical  content  on  toughness  accu¬ 
rately  determined,  it  may  offer  more  promise  for  cryogenic  application. 

Type  302  has  lower  strength  than  type  301,  and  lower  toughness  at 
low  temperature  than  type  310  or  304l!!LC,  and  for  these  reasons  doe  not 
show  promise  for  low  temperaturo  application.  Type  301-N  becomes  quite 
brittle  at  -320*F  due  to  its  high  carbon  and  nitrogen  content,  and  is- 
not  suited  for  cryogenic  applicaliun. 

The  variation  of  the  yield  streugth/density  and  tensile  strength/ 
density  ratios  with  temperature  for  the  alloys  studied  in  tliis  progriun, 
as  well  us  some  of  the  more  promising  nnnferrous  alloys  have  been  cal¬ 
culated,  and  the  most  promising  of  these  alloys  are  shown  below  in  order 
of  decreasing  strength  density  ratios.  Notched/unnotched  tensile  ratios 
are  included  to  indicate  why  .some  alloys,  such  as  7178-TO  aluminum,  which 
have  high  strength/density  ratios  at  low  temperature  cannot  be  used  in 
structural  applications  due  to  their  notch  sensitivity. 
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TEST  MjVTEHIAL 
TEMP 


78®  F  7178-T6  Aliuninum 
AllOAT  Titanium 
301  CHES  60^  cold  rolled 
304ELC  50jt  cold  roiled 
310  CUES  75^  cold  rolled 

-320®F  AllOAT  Titanium 

301  GEES  60}4  cold  rolled 
310  CUES  75)<  cold  rolled 
304ELC  505<  cold  rolled 

-423®F  AllOAT  Titanium 
7178-T6  Aluminum 
301  CUES  60^  cold  rolled 
310  CUES  75^  cold  rolled 
304ELC  50^4  cold  rolled 

In  those  cases  where  transverse  notched/unnotched  tensile  ratios  were 
lower  than  the  longitudinal  values,  both  preferred  orientation  caused  by 
cold  rolling,  and  the  presence  of  elongated  inslusions  such  as  oxides, 
silicates  and  supphides  were  believed  to  be  contributing  to  this  effect. 
The  relative  magnitude  of  these  effects  could  not  be  measvired.  Types  301 
and  302  were  relatively  clean,  but  exhibited  lower  transverse  notched 
properties,  especially  at  low  temperature.  Type  304ELC  was  exceptionally 
clean,  and  had  good  and  about  ei^uivalent  transverse  and  longitudinal 
properties.  Type  310,  however,  was  relatively  dirty  and  yet  still  had 
good  and  about  equal  transverse  and  longitudinal  properties.  These  data 
suggest  that  inclusions  occurring  in  structures  containing  both  austenite 
and  martensite  (e.g.,  typos  301,  302,  and  304ELC)  decrease  t!ie  transverse 
notched  properties  by  acting  us  stress  concentrations  in  the  more  brittle 
martensite.  In  fully  austenitic  structures  (e.g.,  type  310)  it  appears 
that  inclusions  have  little  effi'ct  on  transverse  notched  properties. 
Further  study  of  this  effect  is  needed,  and  it  is  recommended  that  vacuum 
induction  melted  and  consiunuble  electrode  melted  type  301  be  prei>ared  and 
tested  in  both  the  longitudinal  and  transverse  directions  at  78®F,  -100®F, 
-320®F,  and  *423®P. 

Notched/unnotched  tensile  ratios  obtained  in  this  study  have  been 
found  to  correlate  with  cycles  to  failure  in  axial  fatigue  tests  of  com¬ 
plex  welded  Joints  obtained  <as  p^rt  of  prior  work  done  Atlas  and  Centaur 
contracts.  This  correlation  is  significant  because  it  offers  a  means  of 
substituting  the  relatively  rapid  and  inexpensive  notched/unnotched  test 
for  the  costly  and  time  consuming  axial  fatigue  tests  of  comple  welded 
Joints. 


P^y/density 
in  X  10® 

in  X  10® 

Notched/ 

Unnotched 

Tensile 

llatio 

.83 

.90 

1.02 

.70 

.74 

1.34 

.64 

.76 

1.08 

.55 

.61 

1,09 

.53 

.60 

1.10 

1.14 

1.22 

1.15 

.86 

1.10 

.95 

.74 

.84 

1,11 

.  65 

.87 

1.04 

1.43 

1.52 

.97 

1.11 

1.23 

.51 

1.00 

1.10 

.94 

.87 

.97 

1.01 

.80 

.96 

1.09 

-4 


4 
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TABLE  I 


Mechttnioal  Propertiea  of  60  Percent  Cold-Rolled  301  Stainless  Steel  Sheet 


.023"  Thick,  Washington  Steel  Co.,  Heat  #48112,  Coil  36125 


TEST 

TEMP 

DIRECTION 

^ty 

ksi 

ksi 

e 

_i. 

NOTCHED  T.S. 

Kt.d.3  Kt-3.2 

notched/  heliarc* 

UNNOTCHED  BUTT  WELD 
TENSILE  T.S. 

RATIO 

"A"  "B"  ksi 

WELD 

ELONG 

ft 

joiii 

EPF 

ft 

+78«P 

Long. 

203 

212 

5 

230 

229 

151 

4 

ff 

200 

212 

6 

231 

231 

154 

4 

It 

203 

212 

5 

230 

231 

154 

4 

n 

201 

208 

5 

229 

232 

It 

194 

212 

5 

231 

229 

Ayg 

200 

212 

6 

230 

231 

1.08 

1.08 

153 

T 

72 

+78«P 

Tran. 

180 

223 

8 

216 

226 

ISO 

4 

n 

180 

m 

7 

m 

220 

151 

4 

Avg 

180 

223 

8 

216 

223 

.97 

1.00 

151 

4 

68 

-320«P 

Long. 

250 

313 

23 

297 

303 

287 

15 

II 

- 

314 

23 

293 

300 

287 

15 

11 

246 

313 

22 

292 

303 

287 

15 

M 

290 

304 

If 

295 

300 

Ayg 

248 

23 

293 

302 

.94 

.96 

287 

Ts 

92 

-320*P 

Tran* 

225 

319 

17 

233 

291 

282 

11 

H 

223 

315 

18 

280 

286 

284 

12 

n 

272 

Avg 

224 

sTf 

18 

276 

2M 

.87 

.91 

2^ 

12 

89 

423«P 

Long. 

312 

14 

331 

326 

227 

6 

If 

291 

309 

14 

316 

349 

233 

2 

H 

- 

330 

2 

- 

352 

355 

4 

M 

284 

315 

- 

367 

265 

3 

Avg 

291 

317 

8 

323 

342 

1.02 

1.08 

238 

4 

75 

-423«F 

Tran. 

277 

335 

8 

219 

273 

251 

2 

ff 

292 

335 

8 

242 

307 

187 

1 

ft 

266 

333 

9 

219 

Ayg 

285 

335 

8 

227 

290 

.68 

.87 

214 

2 

64 

*Heliare  butt  weld;  z-rayed;  roll  planished;  no  doubler  reinforceaent 


TABLE  II 


Mechanical  Properties  of  50  Percent  Cpld-Bolled  304  ELC  Stainleas  Steel  Sheet 


.012"  Thick,  Rodney  Metals  Heat  -(^33251 


TEST 

DIRECTION 

^ty 

kai 

^u 

kai 

e  NOTCHED  NOTCHED/ 
T.S.  UNNOTCHED 
kai  TENSILE 

i  (Kt»6.3  RATIO 

HELIARC* 
BUTT  WELD 
T.S. 
kai 

WELD 

ELONG 

JOINT 

EPF 

+78«P 

Long. 

158 

174 

6 

191 

90.3 

2 

ft 

156 

174 

6 

192 

90.0 

2 

ff 

158 

177 

5 

188 

88.2 

2 

Avg 

158 

176 

6 

191 

1.09 

89.5 

2 

51 

+78*P 

Tran. 

153 

190 

4 

209 

83.0 

1 

tt 

153 

192 

5 

207 

87.8 

1 

Avg 

153 

191 

5 

208 

1.09 

85.3 

T 

45 

-100«F 

Long. 

191 

196 

4 

214 

150 

2 

It 

181 

199 

5 

216 

151 

3 

It 

186 

199 

5 

216 

149 

3 

Avg 

186 

198 

5 

216 

1.09 

150 

3 

76 

-100«F 

Tran. 

184 

217 

7 

240 

149 

3 

N 

180 

215 

6 

243 

148 

2 

Avg 

182 

216 

7 

242 

1.12 

149 

3 

69 

-320«F 

Long* 

192 

250 

32 

261 

221 

4 

n 

184 

250 

35 

262 

222 

4 

ft 

193 

253 

33 

263 

221 

3 

Avg 

187 

251 

33 

262 

1.04 

221 

4 

88 

-320»F 

Tran. 

190 

256 

38 

301 

223 

2 

M 

189 

254 

36 

299 

226 

1 

Avg 

190 

255 

37 

300 

1.18 

224 

3 

88 

-423*F 

Long. 

276 

1 

304 

259 

4 

99 

231 

285 

2 

302 

263 

4 

If 

- 

276 

1 

303 

267 

4 

Avg 

231 

279 

T 

303 

1.09 

263 

4 

94 

-423»F 

Tran. 

233 

305 

i 

317 

284 

4 

99 

233 

304 

2 

322 

282 

4 

Avg 

233 

305 

2 

320 

1.05 

283 

4 

63 

*Ueliarc  butt  weld;  roll  planished;  no  doubler  reinforcenent 


4. 


! 
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MATERIAL  TEST  NOTCHED/ 
TEMP  UNNOTCHED 


TENSILE 

RATIO 


CYCLES  TO  FAILURE  IN  AXIAL  FATIGUE  TESTS^ 


Type 

301  CRES 
60-percent 
cold-rolled 

+78 

1.05 

0.97 

934* 

776 

-320 

0.69 

0.87 

2671* 

1123 

2066 

-423 

0.62 

0.68 

633* 

3444 

166 

1964 

765 

2004  4650 

Type 

310  CRES 
75  percent 


cold-rolled 

+78 

1.10 

0.97 

ee 

-320 

1.11 

1.07 

1855* 

-423 

1.11 

1.03 

2000® 

- 

- 

- 

Type 

301 -N  CRES 
60-percent 

+78 

1.06 

0.94 

632 

497 

800 

- 

- 

cold-rolled 

-320 

0.95 

0,87 

327* 

17 

3503 

- 

- 

%eld  joints  3-l/2  in.  wide,  20-in.  gauge  length,  38-in.  overall  length.  Mid¬ 
section  contains  heliarc  butt-weld  joint,  roll  planished  and  reinforced  with 
4-in.  wide  doubler  resistance  spot  welded  with  four  rows  of  spots  on  each  side 
of  the  butt  weld.  All  sections  0.020-in.  thick. 

^Fatigue  test  of  weld  joint  consists  of  axially  loading  and  unloading  between  0 
and  140,000  psi  in  tension  at  a  rate  of  6  cpm. 

Q 

Test  stopped  after  2000  cycles  after  which  one  small  crack  was  evident  in  heat- 
affected  zone  of  one  of  resistance  spot  welds  in  outer  row  of  spots.  Based  on 
prior  experience  in  fatigue  tests  where  final  failure  occurs  at  50-percent  or 
more  of  the  number  of  cycles  in  which  crack  initiates,  it  can  be  estimated  that 
fatigue  life  is  in  the  order  of  3000  cycles. 


11-95 


TABLE  III  (Continued) 

A  statistical  analysis  which  asans  that  in  an  infinite  aeries  of  identical  tests, 
the  cycles  to  failure  would  fall  within  the  giren  limits  99.9  percent  of  the  time. 

three  tests 

five  tests 

two  testa 


^Arerage  of 
^Average  of 
^Average  of 
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400 


TEMPiaUTUEE  ®P 


Fig.  1.  Yield  and  tenaile  strength  (ksi)  and  elongation  (^)  ts. 
(«F)  for  60$(  cold-rolled  301  CUES,  .023"  thick. 


ELONGATION 
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Yield  and  tensile  strength  (ksi)  and  elongation  (jt)  vs. 
teaperature  (•F)  for  50^  cold-rolled  304  ELC  CRES. 
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INTRODUCTION 


Recent  interest  in  high  strength  to  weight  ratio  materials  in  sheet 
form  for  certain  missile  applications  has  provided  the  impetus  for  the 
initiation  of  many  new  programs.^  The  inability  to  predict  service  be- 
hsviort  particularly  failure  loads,  has  been  the  cause  of  great  concern. 

The  majority  of  these  programs*  have  resorted  to  mechanical  tests,  most 
of  which  involve  the  testing  of  notched  specimens  or  other  means  of  pro¬ 
viding  a  strain  concentration,  because  it  is  known  that  these  high  strength 
materials  are  particularly  sensitive  to  discontinuities.  In  many  cases 
these  notch  or  bending  tests  are  supplemented  by  standard  tension  tests 
where  the  conventional  engineering  properties  are  determined.  Although 
these  testa  are  certainly  useful  for  screening  purposes,  it  is  not  possible 
to  obtain  the  basic  deformation  properties.  Clearly,  it  is  important  to 
determine  the  fundamental  plastic  flow  characteristics  for  at  least  some 
of  these  materials. 

The  tension  test,  where  simultaneous  load  and  minimum  area  measure¬ 
ments  are  made,  provides  a  means  of  determining  true  stress-strain  pro¬ 
perties.*  From  such  tests  a  curve  can  be  established  depicting  true  stress 
(er)  or  flow  stress  as  a  function  of  true  strain  (e).  The  rate  of  stress 
increase  with  strain  (dcr/de)  is  then  a  measure  of  the  strain  hardening 
properties  but  varies  with  strain  and  hence  is  complicated.  The  often  uaed 
power  relation*  gives  a  convenient  single-valued  quantity  termed  the  strain 
hardening  exponent  (n).  It  is  this  basic  property  of  strain  hardening  which 
plays  such  an  important  part  in  the  strength  and  ductility  of  structures. 

The  strain  gradients  that  develop  during  plastic  deformation  aa  a  re¬ 
sult  of  discontinuities,  heterogeneous  properties  or  nonuniform  stress 
systems  are  a  function  of  the  strain  hardening  properties  of  the  material 
being  deformed.  This  has  been  demonstrated  for  the  necking  caae*'*  where 
the  principle  tensile  load  passes  through  a  maximum.  The  importance  of 
the  strain  hardening  properties  is  particularly  well  known  in  the  plastic 
working  of  metals. 

Knowledge  of  the  fundamental  plastic  flow  of  steels  at  high  strength 
levels  is  extremely  limited.  The  majority  of  true  stress-strain  testing 
has  been  confined  to  low  strength  ductile  conditions  and  Gsnsamsr*  has 
summarised  these  results  for  steels  up  to  a  hardness  level  of  about  40  R^. 


M  A 

Relatively  little  work  ’  has  been  carried  out  above  this  hardness  presum¬ 
ably  because  of  testing  difficulties. 

Although  there  has  been  quite  widespread  use  and  interest  in  true 
stress-strain  testing  during  the  last  15  years,  testing  of  sheet  materials 
has  not  been  too  extensive.  The  procedure  becomes  a  bit  more  complicated 
and  the  test  data  reduction  to  curves  quite  time  consuming.  For  sheet,  it 
is  necessary  to  measure  two  principle  strains  at  the  minimum  section,  in 
the  width  (e^)  and  thickness  (e^.)  directions,  rather  than  only  the  minimum 
diameter  as  for  round  bars.  Procedures  based  on  length  measurements  have 
been  used,  but  these  are  not  considered  too  satisfactory  because  they  are 
only  usable  up  to  the  limit  of  uniform  elongation,  and  it  has  been  shown 
that  the  deformation  of  sheet  materials  is  far  from  homogeneous  even  in 
the  "uniform  range".  This  is  probably  due  to  the  heterogeneous  properties 
of  the  material,  constraints  from  the  radius  on  the  ends  of  the  specimen, 
dimensional  variations  in  the  gage  length  particularly  in  the  thickness 
direction.  Truly  there  is  a  need  for  improvement  of  testing  techniques. 

The  problem  of  the  measurement  and  the  meaning  of  ductility  has  always 
been  a  difficult  one  particularly  in  sheet  metal.  Low  ductilities  encoun¬ 
tered:  in  high  strength  materials  aggravate  this  situation'.  A  fairly  recent 
review*®  on  this  subject  has  been  made  and  illustrates  some  of  the  salient 
problems.  The  true  stress -s train  testing  invalidates  many  of  the  criticisms 
of  engineering  ductility  measurements  and  provides  a  fundamental  flow  curve. 
From  this  flow  curve  and  a  proper  theory  of  plasticity,  it  should  be  pos¬ 
sible  to  predict  the  behavior  in  other  geometric  configurations. 


The  measurements  of  transverse  thickness  and  width  strains  can  provide 
information  about  mechanical  anisotropy.  The  effect  of  the  directional 
properties  in  plastic  flow  is  far  from  being  clear,  but  it  is  evident  that 
in  certain  cases  it  can  be  extremely  important.**”**  Investigations  into 
the  anisotropic  behavior  of  sheet  have  shown  that  this  is  a  difficult  pro¬ 
blem  and  considerable  further  work  is  necessary.  The  techniques  applied 
in  this  program  lend  themselves  quite  well  to  a  measurement  of  mechanical 
anistropy  and  results  will  be  shown  for  steel  and  titanium  alloys  where 
the  mechanical  anisotropy  is  small  and  very  large,  respectively. 


MATERIALS  AND  PROCEDURE 

Since  the  prime  objective  of  this  program  was  to  provide  basic  plastic 
flow  information  on  materials  of  high  strength  levels,  it  was  felt  that 
most  of  the  investigation  should  center  around  currently  available  materials 
where  possible  and  these  are  listed  with  their  chemical  analysis  in  Table  I. 
In  that  there  were  many  variables  that  were  examined,  such  as  heat  treatment, 
testing  temperature,  specimen  orientation,  etc.,  description  of  the  entire 
program  can  be  best  made  via  Tables  II  and  III. 


The  tension  tests  were  conducted  on  a  30,000  pound  capacity  Tinius 
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Olsen  mechanical  testing  machine  at  a  constant  head  speed  to  give  a  strain 
rate  of  .01  "/”  per  minute.  Continuous  load)  width,  and  thickness  measure¬ 
ments  necessary  for  the  computation  of  true  stress-strain  data  were  obtained. 
The  load  was  detected  by  a  strain  gage  dynamometer  which  was  pl,aced  i^n 
series  with  the  test  specimen.  The  width  and  thickness  measurements  were 
made  employing  a  principle  similar  to  that  described  by  Powell  et  al.^* 

The  main  feature  of  this  apparatus  is  a  strain  gaged  cantilever  beam 
aligned  parallel  to  the  specimen  axis  for  the  detection  of  dimensional 
changes  of  the  test  bar.  The  entire  fixture  is  free  to  move  vertically 
searching  the  full  length  of  the  tension  specimen.  Whereas  Powell  was 
testing  round  bars,  he  used  a  single  pair  of  cantilever  arms  and  chose 
to  search  for  the  minimum  section  manually.  To  test  sheet  specimens,  it 
became  necessary  to  add  a  second  pair  of  sensing  arms,  90°  from  the  ori¬ 
ginal  pair,  thereby  enabling  the  measurement  of  both  width  and  thickness 
changes  in  the  same  horizontal  plane.  Because  of  difficulties  in  search¬ 
ing  for  minimum  section  (WXT) ,  it  was  necessary  to  abandon  manual  scanning. 
The  assembly  was  motorized  and  provided  with  limit  switches  so  that  the 
sensing  arms  could  be  driven  at  a  constant  pre-selected  speed,  from  a 
variac  control,  up  and  down  the  specimen.  The  test  set-up  is  pictured  in 
Figure  1.  The  signals  from  the  dynamometer,  the  width  gage,  and  the  thick-^ 
ness  gage  are  then  fed  into  a  strain  gage  oscillographic  recorder.  Since 
the  recorder  chart  runs  at  a  pre-selected  constant  speed,  and  the  deforma¬ 
tion  is  small  for  each  scan,  the  resulting  curve  is  essentially  the  specie 
men  profile.  The  specimen  width  and  thickness  profile  are  then  repeated 
continuously  along  with  the  load  as  the  specimen  deforms.  A  typical  record 
is  shown  in  Figure  2.  The  adjacent  records  of  specimen  profile  are  actual¬ 
ly  mirror  images  for  one  is  for  the  up  and  the  next  is  for  the  down  probe. 

For  measurement  of  yield  strength  at  room  temperature,  the  width  and  thick¬ 
ness  probe  was  retracted  to  an  up  position  and  a  standard  snap-on  sheet 
extensometer  was  used.  To  check  the  load  readings  from  the  dynamometer 
and  obtain  yield  strength  values  at  other  than  room  temperature,  an  auto¬ 
graphic  load  versus  cross-head  displacement  record  was  employed. 


RESULTS 


True  stress-strain  curves  are  shown  in  Figures  3  through  14  which  il¬ 
lustrate  the  effects  of  heat  treatment  and  testing  temperature  for  the 
various  steel  alloys.  Comparative  properties  of  several  titanium  alloys 
tested  at  room  temperature,  are  listed  in  Table  IV.  In  the  vicinity  of 
maximum  load,  the  steel  specimens  showed  the  formation  of  a  shear  band  ac¬ 
ross  the  width.  The  geometry  of  this  shear  band  along  with  the  measuring 
technique  used  gives  rise  to  a  computed  width  strain  which  is  smaller  than 
the  maximum  and  thereby  in  error.  Since  the  neck  forma  in  the  thickness 
direction  first*  ,  the  thickness  strain  seems  to  be  more  homogeneous  and 
the  measurement  more  representative  of  the  maximum  strain  in  that  direction. 
Plots  of  width  versus  thickness  strain  were  constructed  to  check  this  and 
aaauming  constant  anisotropy  they  seem  to  indicate  these  ideas  are  correct. 
There  is  a  linear  width  to  thickness  strain  region  from  initial  yielding 
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up  to  the  vicinity  of  maximum  load  and  then  a  break  occurs  and  the  widtn 
strain  increases  at  a  lesser  rate.  Illustrated  in  Figure  15  is  a  repre¬ 
sentative  plot  of  width  versus  thickness  strain.  Because  of  the  uncertain¬ 
ty  of  the  width  strain  measurements,  the  true  stress-strain  curves  were 
drawn  with  solid  lines  from  yielding  up  to  this  inflection  in  the  width 
versus  thickness  strain  plot  and  then  dotted  to  fracture.  Incidentally, 
none  of  the  titanium  specimens  tested  showed  this  pronounced  shear  band 
behavior,  and  plots  of  width  versus  thickness  strain  remained  reasonably 
linear  from  yielding  to  the  vicinity  of  fracture..  These  graphs  of  width 
versus  thickness  strain  were  also  used  for  the  determination  of  the  mecha¬ 
nical  anisotropy  values  which  are  tabulated  in  Table  V. 

Since  the  strain  rate  influences  strength  and  ductility  of  metals, 
tests  should  be  run  at  a  constant  true  strain  rate  from  initial  yielding 
through  fracture.  As  previously  mentioned,  these  tests  were  run  at  a  con¬ 
stant  head  speed  so  as  to  give  an  approximate  starting  strain  rate  of  .01 
"/"  per  minute,  and  it  is  well  known  that  the  strain  rate  varies  consider¬ 
ably,  especially  during  nonuniform  extension,  so  it  is  worthwhile  to  exa¬ 
mine  this  for  this  specimen  geometry.  The  instrumentation  used  in  this 
program  provides  an  excellent  means  for  determining  the  strain  as  a  function 
of  time  from  which  the  strain  rate  may  be  obtained.  An  illustrative  graph 
of  the  longitudinal  strain  versus  the  strain  rate  is  shown  in  Figure  16. 

The  longitudinal  strain  used  is  the  strain  in  the  minimum  section.  Super¬ 
imposed  on  this  plot  is  the  constant  strain  rate  line  which,  of  course, 
would  be  a  horizontal;  line  and  the  theoretical  strain  rate  (assuming  uni¬ 
form  deformation)  for  a  constant  crosshead  speed.  The  curves  illustrate 
quite  dramatically  strain  rate  variation  even  during  the  so-called  uniform 
strain  region. 


DISCUSSION 


Summary  plots  that  illustrate  general  trends  for  certain  selected 
strength,  strain  hardening,  and  ductility  parameters  were  constructed.. 

To  enable  comparisons  between  various  alloys,  heat  treatment,  and  testing 
temperature,  these  parameters  were  chosen  to  reflect  the  basic  behavior  or 
point  out  significant  differences  in  the  various  materials.  Two  strength 
measuring  parameters  were  used,  the  true  stress  at  a  strain  of  0.04  and  at 
fracture.  The  true  stress  at  a  strain  of  0.04  (about  4%  elongation)  was 
used  because  residual  stresses  and  retained  austenite  make  the  determina¬ 
tion  of  stresses  at  lower  strains  much  less  certain  and  reflect  only  spe¬ 
cial  cases.  The  true  stress  at  fracture  that  is  reported  is  the  final 
instantaneous  load  divided  by  the  final  minimum  cross  sectional  area  sup¬ 
porting  that  load  to  just  prior  to  the  rapid  drop  in  load.  For  ductility, 
the  true  compressive  transverse  strain  in  the  thickness  direction  was  em¬ 
ployed.  This  appeared  to  be  more  significant  because  those  specimens  that 
broke  with  some  ductility  as  evidenced  by  necking,  seemed  always  to  have 
the  origin  of  the  fracture  at  the  minimum  and  in  the  center  of  the  thick¬ 
ness  dimensions  of  the  bar  but  might  be  located  nearly  any  location  across 
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the  width.  The  strain  hardening  properties  were  measured  by  the  strain 
hardening  exponent  in  the  well  known  power  law.  The  strain  hardening  ex* 
ponent  was  determined  by  measuring  the  slopes  of  the  log-log  plots  of  true 
stress-strain.  Many  of  these  plots  did  not  yield  a  single  straight  line, 
but  it  was  possible  to  develop  several  regions  of  different  straight  lines 
and  these  are  reported  as  different  strain  hardening  exponents.  This  be¬ 
havior  is  fairly  well  known  for  titanium,  and  for  the  stress  induced  mar- 
tenistic  transformation.  The  upward  curvature  of  the  log-log  plots  after 
maximum  load,  due  to  triaxial  Bridgeman  stresses  and/or  increased  strain 
rate  were  not  measured  or  reported.  Therefore,  only  the  strain  hardening 
properties  at  or  prior  to  maximum  load  were  studied. 

Figures  17  and  18  illustrate  the  above  described  properties  for  the 
two  chemically  similar  materials,  Vasco  Jet  1000  and  Crucible  56,  as  in¬ 
fluenced  by  tempering  temperature'..  Both  of  the  strength  parameters  follow 
the  trends  that  would  be  expected.  The  true  stress  at  fracture  for  both 
alloys  seems  to  be  nearly  equivalent  at  about  370,000  psi  up  to  a  tempering 
temperature  of  about  900'*’F  and  then  drops  abruptly  with  increasing  tempera¬ 
ture.  The  flow  stress  at  true  strain  of  0.0.4  follows  a  similar  trend  al¬ 
though  there  seems  to  be  a  slight  secondary  hardening  peak  in  the  region 
of  this  900°F  temperature.  The  true  transverse  thickness  strain  at  fracture 
shows  an  increase  with  increasing  tempering  temperature  with  a  definite 
minimum  valley  apparently  associated  with  the  secondary  hardening  peak  at 
900°F.  There  are  two  regions  of  strain  hardening  in  the  specimens  tempered 
below  1100°F.  The  first  region  (n)  of  very  high  strain  hardening  existed 
at  low  strain,  and  x-ray  determinations  indicated  this  to  be  associated 
with  about  6%  retained  austenite.  The  higher  strain  hardening  of  the  as> 
quenched  and  tempers  up  to  SOO^’F  may  be  connected  with  residual  stresses. 
Further  work  needs  to  be  done  to  study  these  effects  in  the  low  strain 
range  more  thoroughly.  The  strain  hardening  properties,  measured  in  the 
region  of  maximum  load,  seems  to  be  sn  unsystematic  function  of  tempering 
treatment  with  a  peak  occurring  in  the  900^F  region  and  generally  increasing 
at  the  high  tempering  temperature. 

Figure  19  illustrates  the  effect  of  aging  temperature  upon  these  same 
properties  for  the  AM  350  Alloy.  The  stress  parameters  especially  the 
true  stress  at  fracture  increase  with  increasing  aging  temperature  having 
a  peak  in  the  vicinity  of  900°F  and  then  decreasing  with  increasing  tempera¬ 
ture.  The  strain  hardening  properties  of  this  alloy  are  quite  interesting 
and  different  from  that  of  the  prior  alloys.  Strain  hardening  is  similar 
to  that  observed  for  stainless  steel  where  it  is  low  during  the  initial 
straining,  increases  to  a  hi^h  value  while  the  austenite  is  transforming 
to  martensite,  and  then  falls  to  a  low  value  when  the  strain  induced  mar¬ 
tensitic  reaction  is  complete.  The  strain  hardening  of  the  AM  350  at  low 
strains  follows  slow  decrease  with  increasing  aging  temperature  and  has  a 
valley  around  1000°F..  However,  the  strain  hardening  properties  in  the 
vicinity  of  maximum  load  behaves  quite  erratically  and  is  probably  due  to 
the  unknown  effect  of  aging  temperature  upon  the  subsequent  stability  of 
the  austenite  to  plastic  deformation.  That  is,  some  of  the  specimens 
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at  certain  aging  treatments  did  not  show  any  evidence  of  the  strain  induced 
martensitic  reaction  at  any  strain,  other  specimens  reached  maximum  load 
during  this  martensitic  transformation,  and  finally,  in  some  specimens, 
maximum  load  occurred  when  the  martensitic  reaction  was  complete.  These 
effects  in  this  alloy  are  more  pronounced  in  the  low  temperature  tests 
and  will  be  discussed  later.  It  is  particularly  interesting  to  see  that 
the  fracture  ductility  of  this  alloy  follows  the  same  general  trend  with 
aging  as  does  the  strain  hardening  properties  at  maximum  load. 

The  effect  of  testing  temperature  for  three  preselected  tempering 
temperatures  for  Vasco  Jet  1000  of  700,  1000,  and  1300°F  were  studied. 

These  properties  are  illustrated  in  Figures  20  through  22.  The  strength 
parameters  generally  increase  with  decreasing  testing  temperature.  The 
true  stress  at  fracture  seems  to  increase  with  decreasing  temperature 
until  brittle  behavior  is  encountered.  When  the  true  stress  at  fracture 
decreases,  the  true  strain  at  fracture  increases  abruptly.  The  strain 
hardening  properties  do  not  seem  to  vary  greatly  with  temperature. 

The  low  temperature  properties  of  AM  350  were  also  studied  at  three 
preselected  aging  treatments  of  850,900  and  1050‘’F  and  are  illustrated  in 
Figures  23  through  25.  Here,  like  the  previous  material,  the  strength 
parameters  increase  with  decreasing  testing  temperature.  The  true  strain 
at  fracture  decreases  with  decreasing  testing  temperature,  the  850**F  aged 
specimen  being  quite  brittle  at  liquid  nitrogen  testing  temperature.  Strain 
hardening  showed  three  regions  that  are  characteristic  of  the  stainless 
steels  forming  strain  induced  martensite.  For  the  850°F  aging  treatment, 
the  material  seemed  most  resistant  to  this  transformation  being  completely 
stable  at  room  temperature  and  not  completing  the  reaction  at  low  tempera¬ 
tures  (i.e.  log-log  plots  did  not  show  decrease  in  strain  hardening  after 
the  high  rate  associated  with  the  austenite  to  martensite  reaction).  The 
strain  hardening  properties  (except  for  the  850°^)  seemed  to  be  relatively 
insensitive  to  testing  temperature.  The  rate  of  strain  hardening  for  the 
different  aging  treatments  seemed  to  be  very  nearly  the  same.  The  strain 
hardening  exponent  for  the  initial  deformation  of  the  martensite-austenite 
mixture  was  about  0.05  for  the  stage  where  austenite  is  transforming  to 
martensite  about  0.20  and  for  the  final  stage  about  0.13.  These  values 
did  not  change  appreciably  with  testing  temperatures. 

Illustrated  in  Figure  26  are  the  low  temperature  properties  of  AM  355 
which  had  been  cold  worked  30%.  Here  is  an  abrupt  transition  from  a  duc¬ 
tility  to  brittle  type  of  fracture  as  is  evidenced  by  the  drop  in  fracture 
strain  from  0.25  approximately  to  0.02  between  temperatures  of  -130°  and 
-155°C.  There  is  an  even  more  abrupt  drop  in  fracture  stress  over  the 
same  temperature  range  of  approximately  120,000  psi  from  440,000  psi. 

There  was  no  apparent  variation  of  the  strain  hardening  properties  with 
temperature  for  this  material,. 

The  effect  of  low  temperature  upon  the  mechanical  properties  of  3/4 
hard  and  301  stainless  steel  are  shown  in  Figure  27.  The  flow  stress  at 


a  true  strain  of  0.04  does  not  vary  appreciably  with  testing  temperature'. 

The  true  stress  at  fracture,  however,  increases  dramatically  with  decreasing 
testing  temperature,  an  effect  previously  noted  for  face  centered  cubic 
metals'.  This  has  been  attributed  to  the  increased  strain  hardening  pro¬ 
perties  at  the  lower  temperatures.  It  can  be  seen  from  this  figure  that 
the  true  strain  at  fracture  does  not  change  greatly  with  temperature  so 
that  the  effect  of  the  large  amount  of  strengthening  associated  with  the 
strain  induced  martensite  transformation  is  felt.  Here  it  is  interesting 
to  note  that  the  strain  hardening  increases  very  rapidly  to  a  fairly  con¬ 
stant  value  (about  0.90)  as  the  temperature  of  testing  is  decreased. 

As  mentioned  before,  the  titanium  alloys  tested  for  this  program  at 
room  temperature  showed  no  shear  band  formation  detectable  either  visually 
or  by  the  construction  of  width  versus  thickness  strain  plots.  The  actual 
true  stress-strain  plots  have  been  illustrated  in  Figure  6.  The  pertinent 
strength  and  ductility  parameters  are  tabulated  in  Table  IV.  In  comparison 
to  the  steel,  it  can  be  seen  that  the  strain  hardening  properties  are 
quite  similar.  The  log-log  plots  of  the  true  stress-strain  results  for 
these  specimens  showed  only  one  slope,  contrary  to  what  has  been  previously 
reported.  Various  conventional  mechanical  property  relationships  were 
examined  for  these  alloys  without  much  success.  Strain  hardening  may  be 
thought  of  as  the  material’s  ability  to  resist  localized  plastic  deforma¬ 
tion,  and  it  was  believed  that  there  there  should  be  some  relationship 
between  fracturing  properties  and  strain  hardening.  This  fact  is  very 
nicely  illustrated  in  Figure  28  for  titanium  and  titanium  alloys.  As  the 
strain  hardening  exponent  increases,  the  true  strain  at  fracture  increases. 


Measurements  of  the  mechanical  anisotropy  for  the  various  materials 
studied  in  this  program  were  made  and  are  tabulated  in  Table  V.  To  deter'- 
mine  this  mechanical  anisotropy,  plots  were  constructed  of  the  true  trans¬ 
verse  compressive  strain  in  the  width  versus  thickness  directions,  and 
the  slope  of  these  curves  was  measured  and  recorded.  This  is  the  ratio 
of  the  width  to  thickness  strain  and  is  a  measure  of  mechanical  anisotropy 
of  the  material  under  this  stress  system.  The  steels  showed  very  little 
anisotropy  with  the  principle  strain  in  the  thickness  direction  always 
being  equal  or  slightly  larger  than  the  width  direction  giving  ratios  of 
1.0  to  about  0.8.  The  AM  355,  which  was  cold  rolled,  was  an  exception 
and  had  a  very  low  value  of  about  0.5.  The  various  titanium  alloys,,  which 
are  known  to  be  anisotropic  even  in  large  section  sizes,  were  found  to  be 
quite  variable.  The  ratios  for  titanium  varied  from  about  7.2  to  0.2. 

It  is  evident  that  this  strong  anistropy  is  a  preferred  crystallographic 
orientation  effect,  whereas  for  the  steels,  it  could  be  a  mechanical  ef¬ 
fect  due  to  the  specimen  geometry  or  a  mechanical  fibering. 
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CONCLUSIONS 


Through  the  use  of  suitable  instrumentation,  it  is  possible  to  mea¬ 
sure  the  principle  strain  in  the  width  and  thickness  dimensions  on  sheet 
specimens,  thereby  developing  more  basic  plastic  flow  and  fracture  pro¬ 
perties  of  these  sheet  materials4  The  deformational  properties  of  high 
strength  steels  appear  quite  heterogeneous,  which  is  probably  due  to  their 
low  strain  hardening  properties.  Shear  band  formation,  which  results  from 
a  neck  in  the  thi.ckness  direction,  was  prevalent  in  the  high  strength 
steels  but  not  in  the  titanium  alloys. 

With  the  exception  of  the  AM  355  alloy,  the  steel  showed  only  slight 
anisotropy  with  the  ratio  of  width  to  thickness  strains  being  somewha.t 
smaller  than  one.  However,  the  titanium  alloys  showed  a  high  degree  of 
anisotropy  with  width  to  thickness  strains  ranging  from  about  7.2  to  0.2. 

The  behavior  at  low  testing  temperatures  for  these  materials  is  simi¬ 
lar  to  that  which  has  previously  been  reported.  The  strength  parameters 
generally  increase  with  decreasing  temperature  until  brittle  fracture 
occurs.  The  ductility  decreases  gradually  and  then  abruptly  when  brittle 
fracture  ensues  with  decreasing  test  temperature. 


The  fracture  properties  seem  to  be  related  to  the  strain  hardening 
properties  indirectly.  Correlating  these  two  properties  directly  is 
somewhat  difficult  because  of  the  influence  of  other  variables,  particu¬ 
larly  in  the  steel.  For  the  titanium  alloys,  the  fracture  ductility  seems 
to  be  directly  related  to  the  strain  hardening  properties. 


Retained  austenite  was  found  to  affect  the  rate  of  strain  hardening 
in  the  5%  chromium  steels,  producing  a  very  low  yield  strength  and  thereby 
a  very  high  initial  rate  of  strain  hardening.  X-ray  studies  showed  about 
6%  retained  even  after  sub-zero  cooling  and  multiple  tempering.  Mechani¬ 
cal  property  measurement  showed  that  this  retained  austenite  persisted  op 
to  tempering  temperatures  of  llOO^F.  It  appeared  from  these  tests  that  a 
minimum  in  ductility  exists  for  this  and  the  AM  350  at  the  900*’F  tempera 
so  this  should  be  avoided.  From  consideration  of  the  retained  austenite 
it  would  appear  that  llOO^F  temper  would  be  desirable,  however,  it  may  be 
that  a  slightly  lower  temper  could  be  used  if  a  longer  tempering  time  is 
employed.  The  600°F  to  700®F  tempering  range  appears  to  yield  nearly 
maximum  strength  with  excellent  ductility  and  if  some  method  could  be  de¬ 
vised  to  get  rid  of  the  retained  austenite,  which  when  strained  transforms 
to  martensite  and  can  produce  severe  embrittling  effects,  this  lower  tem¬ 
pering  range  would  provide  some  very  desirable  properties. 


Fina  1 1 
the  normal 
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y,  considerations  of  the  directional  properties,  especially 
anisotropy,  led  to  the  conclusion  that,  sheet,  specially  pro- 
then  oriented  in  the  components  with  regard  to  principle  maxi¬ 
fields,  should  give  rise  to  superior  performance. 
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Definitions  of  Symbols  used  in  the  Text 
'  True  stress  at  minimum  cross  section 

'  True  fracture  stress 

'  True  stress  at  a  strain  of  0.04 
'  Strain  hardening  exponent  at  maximum  load 


Strain  hardening  exponents  other  than  maximum  load 
Where:  cr  ■ 

Strain  of 

Fracture  strain  in  the  thickness  direction 
Thickness  strain 
Width  strain 
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TABLE  V 


MECHANICAL  ANISOTROPY  VALUES  FOR  TOE 
VARIOUS  MATERIALS  TESTED  AT  ROOM  TEMPERATURE 


Matorlol 


St— 1 

Titoniiui 

R* 

4Al-3No.1V 

7.20 

6A1.4V 

3.62 

RcUOB 

••  1.38 

Rc  55 

1.34 

Ti-IOOA 

1.13 

Vaacojat  1000 

•*  0.95 

301  SS 

0.94 

AN  350 

•*0.93 

Cruclbla  .56 

*•0.80 

4A1-4V 

0.72 

AN  355 

0.48 

2.5A1.16V 

0.46 

RelSOB 

0.23 

•A  ■ 
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TEST  SET-UP 
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FIGURE  I 
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FIGURE  2 


typical  test  record  (segments  of  full  curve  shown  at  various 

TIME  INTERVALS  FOR  AM350  AT  liOQOF  AGE) 


ROOM  TEMPERATURE  TRUE  STRESS-STRAIN  CURVES  FOR 
VASCO JET  1000  AT  VARIOUS  TEMPERED  CONDITIONS 
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FIGURE  3 
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CRUCIBIE  5fl  TEMPERATURE  TEMPERED  STRESS-STRAIN  CURVES 
FOR  AMI60  at  VARIOUS  AGED  CONDITIONS 
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FIGURE  U 
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ROOM  TEMPERATURE  TRUE  STRESS-STRAIN  CURVES  FOR 
AM350  AT  VARIOUS  A6ED  CONDITIONS 
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FIGURE  6 


TITANIUM 


ROOM  TEMPERATURE  TRUE  STRESS-STRAIN  CURVES  FOR 
^  "AS  RECEIVED"  TITANIUM  MATERIALS  TESTED 
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FIGURE  6 
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FIGURES  7  &  8 


FIGURE  7:  TRUE  STRESS-STRAIN  CURVES  OF  VASCOJET  FIGURE  8:  TRUE  STRESS-STRAIN  CURVES  OF  VASCOJET 
1000,  TEMPERED  AT  TOO^F,  AT  TEMPERA-  1000,  TBffERED  AT  lOOOOp,  AT  TEMPERA¬ 
TURES  OF  R.T.  TO  —  I960C  TURES  OF  R.T.  TO  ~I96®C 
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TRUE  STRESS-STRAIN  CURVES  OF  VASCOJET  1000,  TEMPERED  AT 
iSOOOp,  AT  TEMPERATURES  OF  R.T.  TO  -I960C 
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FIGURE  9 
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TRUE  STRESS-STRAIN  CURVES  OF  AN350,  AGED  AT  850<>F  AT 
TEMPERATURES  OF  R.T.  TO  -I96<’C 
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FIGURE  10 


TRUE  STRESS-STRAIN  CURVES  OF  AH350,  AQED  AT  90(r’F,  AT 
TEMPERATURES  OF  R.T  tq  -l06OC 
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FIGURE  II 
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TRUE  STRESS-STRAIN  CURVES  OF  30i  STAINLESS  STEEL  AT 
TEMPERATURE  OF  R.T.  TO  -1960C 


11-128 


FIGURE  lU 
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FIGURE  15 


WIDTH  STRAIN  VERSUS  THICKNESS  STRAIN  FOR  AM3&0,  AOED  AT 


AMS  50 
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STRAIN  RATE  VERSUS  STRAIN  FOR  ROOM  TEMPERATURE  TESTS 
OF  VASCOJET  1000,  700^F  TEMPER  -  AM350,  900°F 
A6E  -  Ti-NAI-3Mo-tV  AS  RECEIVED  CONDITION 
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FIGURE  16 
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FIGURE  17 
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figure  19 
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LOW  TEMPERATURE  TRUE  STRESS-STRAIN  PROPERTIES  OF 
VASCOJET  1000,  TEMPERED  AT  IOOO°F 
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FIGURE  21 
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LOW  TEMPERATURE  TRUE  STRESS-STRAIN  PROPERTIES  OF 
VASCOJET  lOOC,  TEMPERED  AT  ISOO^F 
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LOW  TEMPERATURE  TRUE  STRESS-STRAIN  PROPERTIES  OF 
AM350,  AGED  AT  850°F 
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LOW  TEMPERATURE  TRUE  STRESS-STRAIN  PROPERTIES  OF 
AM350,  AGED  AT  900°F 


11-138  FIGURE  24 


TEST  I  MO  TEMPERATURE  (®K) 

LOW  TEMPERATURE  TRUE  STRESS-STRAIN  PROPERTIES  OF 
AH350,  AQED  AT  lOSO^’F 
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FIGURE  26 
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LOW  TEMPERATURE  TRUE  STRESS-STRAIN  PROPERTIES  OF  4( 

AM35S,  COLO  WORKED  SO  PERCENT 
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FIGURE  26 
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STRAIN  HARDENING  EXPONENT  (n„] }  AS  A  FUNCTION  OF  FRACTURE  STRAIN  (cf.^) 
FOR  titanium  materials  TESTED  AT  ROOM  TEMPERATURE 


THE  EFFECT  OF  HEAT  TREATMENT  UPON  THE 


NOTCH  TOUGHNESS  OF  HIGH  STRENGTH  TITANIUM  ALLOY  SHEET 
DONALD  A.  CORRIGAN 
Watertown  Arsenal  Laboratoiies 


Introduction 

The  notch  toughness  of  high  strength  sheet  materials  is  a 
poorly  understood  phenomenon  of  much  recent  interest.  Along  with 
related  welding  problems,  the  lack  of  notch  toughness  limits  the 
utilizable  strength  of  presently  available  engineering  materials. 

An  area  that  has  received  little  systematic  study  is  the  effect 
of  heat  treatment  upon  the  notch  toughness  of  high  strength  com¬ 
mercial  titanium  alloys.  This  report  includes  information  on  the 
effect  of  heat  treatment  upon  the  notch  tensile  behavior  of  Ti-3A1- 
J3V-llCr(B120),  Tl-2Fe-2Cr-2Mo  (Ti.l40A),  Tl-5Al-1.5Fe-lj4Cr-lV2Mo 
(Ti-155A),  tnd  Ti-4Al-3Mo-lV. 

Before  presenting  the  data,  it  seems  desirable  to  discuss  the 
significance  of  notch  tensile  strength  and  the  often  used  notch 
strength  --  ultimate  tensile  strength  ratio:.  The  notch  strength 
is  defined  as  the  maximum  loeui  reached  in  the  test  divided  by  the 
cross-sectional  area  under  the  notch.  Incorporated  in  this  measure¬ 
ment  are  at  least  four  distinctly  different  possible  loe^  limiting 
mechanisms.  These  are: 

1.  Initiation  of  a  crack  at  the  notch  tip,  slow  propagation 
followed  by  instability  and  rapid  propagation,  a  load  limiting  mechanism 
similar  to  that  in  the  Gg  test.  Here  the  crack  propagation  resistance 
of  the  materlsl  is  the  notch  strength  limiting  property. 

2.  Rapid  crack  propagation  immediately  following  initiation 
of  a  nature!  creu:k  at  the  notch  tip.  The  condition  for  rapid  propaga¬ 
tion  is  more  them  met  upon  crack  initiation  and  the  load  is  limited 
by  the  resistance  of  the  material  to  creujk  Initiation. 

3.  Slow  crack  propagation,  followed  by  a  load  meuclmum  prior 
to  rapid  propagation.  Here,  the  slow  crack  propagation  reduces  the 
loeui  carrying  cross  section  of  the  specimen  faster  than  work  hardening 
Increases  loeui  carrying  capability.  This  mechanism  is  similar  to  that 
encoxintered  in  Gg  tests  of  highly  ductile  materials  such  as  pure  tltsinlvmi 
and  stainless  steels. 

4.  Gross  yielding  emd  plastic  instability,  a  mechanism  in  which 
the  notch  has  little  or  no  effect. 
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For  equivalent  notch  strengths,  raising  the  tensile  strength  reduces 
the  notch  ratlo;.i  If  mechanism  2  is  controlling,  the  notch  raio  is  of 
little  meaning.  A  notch  ratio  of  1.0  or  greater  implies  mechanism  4  is 
probably  load  limiting. 

The  above  discussion  Indicates  that  the  notch  strength  can  be  a 
measure  of  any  of  several  phenomena.  The  edge  notch  tensile  test, 
however,  offers  a  most  convenient  method  for  qualitatively  evaluating 
a  laeggenumber  of  heat  treatments  where  little  is  known  about  notch 
toughness  effects. 


Materials 


The  titanium  alloys  en^jloyed  in  this  investigation  were  received  as 
l/l6".  hot  rolled  heind  mill  sheet.  Cojrpositions  are  listed  below: 


Alloy 

C 

N 

H 

Fe 

V 

Cr 

Mb 

Ti-3Al-13V-llCr 

.012 

0029 

.004 

.26 

2.8 

13.7 

10.4 

Ti-li+OA 

.016 

.010 

.005 

2.0 

2.3 

1.9 

T1-4a1-3Mo-1V 

.021 

.017 

.013 

.12 

4.2 

;.3.1 

---- 

0.9 

Ti-155A 

.013 

.013 

.090 

1.3 

5.2  — - 

l.k 

1.2 

The  Ti-l40A  sheet  was  mill  annealed  while  the  other  sheets  were 
received  from  the  mill  in  the  solution  treated  condition. 


Experimental  Procedure 

Single  conventional  and  duplicate  edge- notched  tensile  tests  were 
used  to  measure  the  notch  tensile  behavior  of  the  titanium  alloys.  All 
specimens  were  taken  parallel  to  the  final  direction  of  rolling.  The 
notch  tensile  specimen  was  similar  to  that  recommended  by  the  ASTM 
Committee  on  Fracture  Testing  of  High-Strength  Sheet  Materielq^  i.e., 
it  was  pin  loaded,  1"  wide  with  .15",  60®  edge  notches,  with  .001" 
maximum  notch  root  radii.  Testing  was  performed  in  conjunction  with 
the  recommendations  of  the  committee. 

All  specimens  were  heat-treated  in  air  as  3"  x  9"  blanks,  grit 
blasted  and  pickled  in  a  solution  of  2^HF-30^HN02  in  hot  tap  water  for 
fifteen  minutes.  This  cleaning  technique  has  been  shown  to  minimize 
contamination  and  have  no  deleterious  effect  upon  notch  tensile  strength. 
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Resxilts  and  Discussion 


The  heat- treatments  stttdied,  and  the  smooth  and  notch  tensile 
data  obtedned  for  the  four  titanimn  alloys  are  presented  in  Tables 
I- IV.  To  facilitate  discussion  of  these  results ,  each  alloy  will  be 
considered  individually  before  conparisons  are  mde  among  the  different 
gr  alloy  systems . 

Ti-3Al-13V-llCr 


Basic  Metallurgy  -  This  alloy  is  entirely  beta  phase  when 
received  from  the  mill  in  the  annealed  condition.  Upon  simple  aging, 
at  all  practiced  transformation  ten5>erattires,  this  alloy  undergoes 
the  following  reaction: 

TTT  diagrams  are  avaiable  in  the  literature. ^^3  ^he  exact  positions 
of  the  and  lines  are  a  function  of  both 

chemistry  and  residual  strain,  and  therefore  will  vary  from  heat-to- 
heat  and  with  sheet  processing  technique.  It  has  been  suggested  that 
the  omega  phase  may  also  be  a  beta  decon^iositlon  product,  but  because 
of  the  inherent  difficulty  of  determining  the  existence  of  this  phase 
it  has  not  been  included  in  the  published  TTT  diagrams.  Omega  is 
believed  to  be  chiefly  responsible  for  the  low  ductility  found  in 
high  strength  sheet  after  single  aging  treatments.  Duplex  aging 
treatments  have  been  developed  foe  this  alloy3  on  the  theory  that 
the  elimination  of  the  omega  phase  will  result  in  ic^jroved  ductility 
with  only  a  small  strength  decrease. 

Notch  Tensile  Results  -  Figure  1  shows  a  plot  of  notch  strength 
vs.  yield  strength  for  material  aged  at  800*F  and  900*F  for  various  times. 
Notch  strength  a|)pears  to  decrease  linearly  with  increasing  yield  strength. 
Figure  2  shows  the  as  received,  1000®F  and  1100°F  single  siged  and  multiple 
aged  results  superimposed  ixpon  the  relation  obtained  in  Figure  1.  It 
appears  that  high  temperat\are  aging  results  in  the  precipitation  of  brittle 
intermetedlic  compounds  in  times  less  them  20  hours,  and  that  the  brittle¬ 
ness  is  en^haslzed  as  aging  times  are  increased.  Short  time  eiging 
reduced  notch  strengths  without  significant  yield  strength  increases. 

Solute  redistribution  prior  to  generalized  precipitation  has  been  noted 
in  this  alloy. ^  Of  the  duplex  aging  treatments  used,  the  low  temperature 
aging  followed  by  short  time  hlj^  temperatiire  aging  appeared  the  best. 

The  other  multiple  eiglng  treatment  s  offered  no  iR^provemsnt  upon  single 
eiged  notch  strengths. 
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Basic  Metallurgy  -  A  ITT  for  this  alloy  quenched  from  high  in  the 
alpha-beta  field  is  available  in  the  literature?^  The  as- quenched  structure 
consists  of  smedl  primary  alpha  particles  in  a  matrix  of  beta  which 
has  partially  transformed  to  martensite.  Aging  results  in  the  reaction: 

^  (oc,')  -V  c< 

Lowering  the  solution  tengjerature  will  increase  the  amount  of  primary 
alpha  and  lower  the  Ms  temperature,  thereby  decreasing  the  alpha  prime- 
beta  ratio  in  the  matrix  of  the  microstructure, 

Notch  Tensile  Results  -  Figure  3  shows  a  plot  of  notch  strength 
vs.  yield  strength  ll’or  Ti-4Al-3Mo-lV  solution  treated  at  l650°F  or  li<-50*’F 
and  subsequently  aged  at  temperatures  from  900-ll00®F  for  various  times. 

For  a  given  yield  strength  level  the  higher  solution  ten^jerature  offers 
higher  notch  strength.  Ihis  effect  is  more  lucidly  demonstrated  in  Figure 
Here  NTS/UTS  is  plotted  versus  strength.  This  plot  eliminates  the  am- 
blqulty  inherent  at  low  yield  strengths  where  notch  sensitivity  is  low  euid 
where  notch  strength  tends  to  increase  with  increasing  strength  level. 

For  a  given  notch  ratio  there  is  at  least  a  10  ksi  strength  euivantage 
afforded  by  the  higher  solution  ten^jerature ..  Air  cohllng  from  l650'’F, 
followed  by  low  ten^jerature  aging,  gave  notch  tensile  results  con5)arable 
to  those  obtained  by  water  quenching  from  the  lower  solution  temperature. 

Tl-UOA 

Basic  Metallinrgy  -  The  physical  metallurgy  of  this  alloy  has  not 
been  studied  as  thoroughly  as  the  two  previous  edloys  because  Tl-l^OA  is 
not  one  of  the  DOD  Titsuiium  Sheet  Rolling  Program  edloys.  There  is 
no  alpha  strengthener  in  this  alloy,  and  for  this  reason,  processing 
and  heat  treating  ten5)eratxires  tend  to  be  lower  than  other  commercial 
alpha-betatalloys,  and  attendant  microstructures  finer.  The  hardening 
mechanism  in  this  alloy  is  the  simple  reaction: 

-v-  (cx  )  -t-  c< 

At  lower  eiglng  tenqjeratures  the  brittle  omega  phase  is  also  likely  to  be 
a  decon5)osltion  product. 

Notch  Tensile  Results  -  Figure  5  shows  a  plot  of  NTS/UTS 
vs.  yield  strength  for  material  solution  treated  at  li^^BCF  or  1350°F 
and  aged  for  various  times  at  temperatures  between  800®F  -  1100®F. 

The  higher  solution  ten^jerature  again  affords  higher  strength  for  a  given 
notch  ratio.  The  heat  treatment  response  of  this  alloy  upon  air  cooling 
is  apparently  quite  good,  one  treatment  giving  a  notch  strength  of 
143  ksi,  at  147  ksi  yield  and  157  ksi  tensile  strength.  Aging  at  800®F 
after  the  1480“F  solution  ten^jeratxire  resulted  in  an  extremely  brittle 
structure,  which  may  mean  omega  is  present  in  the  structure. 
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Baelc  Metallurgy  -  This  alloy  le  a  moderately  beta  stabllzed 
alpha-beta  alloy  with  an  alpha  strengthener .  The  Mg  temperature  of  this 
alloy  is  apparently  below  room  temperature  A  The  hardening  mechanisms  are 
not  well  known,  but  much  of  the  discussion  of  the  metallurgy  of  Tl-l40A  is 
probably  applicable  to  this  alloy. 


Notch  Tensile  Results  -  Figure  6  shows  a  plot  of  .2^  yield 
strength  vs.  notch  stJangth  for  this  alloy  solution  treated  at  l450"F 
or  l650®F  followed  by  subsequent  aging.  The  effect  of  solution  ten^)- 
erature  is  not  as  well  defined  in  this  edloy,  but  the  trend  again  is 
that  higher  solution  treating  teniperatures  give  hi^er  notch  strengths 
for  a  given  yield  strength  level.  Longer  times  at  the  aging  tenqperature 
appear  to  in^jroved  notch  strength  with  little  or  no  loss  in  yield  strength. 
All  notch  strengths  for  this  alloy,  however,  were  low,  with  no  NTO/UTS  as 
high  as  0.9. 


Comparison  Between  The  Alloys 

Table  V  summeirizes  the  best  notch  values  obtained  as  a  function 
of  yield  strength  level  in  10  ksl  Increments .  It  can  be  seen  that  in 
the  range  13O-I60  yield,  alloy  Tl-l40A  gives  both  highest  notch  strength 
and  best  notch  ratio.  Notch  results  fall  off  drastically  above  16O  ksl 
for  this  alloy,  and  no  other  alloy  offers  high  notch  strength  above 
this  yield  strength  level. 

The  data  contained  in  Table  VI  clearly  point  out  that  tensile 
ductility  is  not  cun  acciirate  measure  of  notch  toughness.  It  seems  clear 
that  alloy  type,  heat  treatmeht  and  attendant  microstructure,  as  well  as 
tensile  properties  must  be  considered  as  Inportant  fewtors  in  notch 
'sensitivity. 


Conclusions 


1.  Distinct  differences  in  notch  strength  exist  between  different 
titanium  alloys  of  equivalent  strength. 

2.  Distinct  differences  in  notch  strength  exist  between  different 
microstructural  configurations,  of  equivalent  strength  level,  in  a 
given  alloy. 

3.  In  the  important  yield  strength  reglo.n  of  130- 160  ksi,  alloy 
Ti-l40A  appears  to  be  less  notch  sensitive  then  the  other  alloys  tested 
in  this  investigation. 
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U.  For  the  alpha-beta  titanium  edloys,  higher  alpha-beta  solution 
tenqperatures,  followed  by  aging,  appear  to  produce  less  notch- sensitive 
structures  for  a  given  strength  level. 

Uniaxial  tensile  elongation  Is  not  necessarily  an  accurate 
measurement  of  notch  sensitivity. 


General  Considerations 


The  purpose  of  this  Investigation  has  been  to  eveiLuate  the  effect  of 
a  large  number  of  heat  treatments  upon  the  notch  toughness  of  a  number  of 
titanium  alloys.  It  should  be  en^ihaslzed  that  the  effective  toughness  of 
a  material  Is  a  function  of  many  parameters,  both  mechanical  and  metal- 
Ivirgical,  e.g.,  microstructure,  section  size,  loading  rate.  It  should 
also  be  pointed  out  that  the  notch  tensile  test  gives  a  qualitative  measure 
of  the  effect  of  many  of  these  variables,  but  notch  strength  can  be  a 
measure  of  any  of  the  previously  noted  failure  mechanisms.  A  recent  ex¬ 
periment  has  shown  this  point  quantitatively.  Ti-l40A  heat  treated  to  a 
yield  strength  of  l60  ksi  and  notch  strength  of  l4o  ksl  gave  a  re¬ 
producible  Kq  value  of  approximately  jk  ksi  in.  Using  the  analysis  made 
available  by  the  ASTM  Committee  on  Fracture  Testing  of  High  Strength 
Sheet  Materials,^  self  propagation  of  a  natural  crack  in;  an  edge  notch 
tensile  test  should  occur  at  any  notch  stress  value  above  120  ksi,  a  value 
20  ksi  below  the  measured  value  of  notch  tensile  strength.  Alloy  Ti-155A 
of  approximately  equivalent  gave  notch  strengths  of  only  75  ksi.  The 
former  is  an  example  of  notch  strength  limited  by  resistance  to  crack 
initiation,  the  latter  by  resistance  to  crack  propagation. 

This  investigation  has  served  as  a  steurting  point  for  the  study  of 
notch  toughness  in  titanium  alloy  sheet.  Additional  work  is  plazmed 
which  will  include  a  more  coii5>lete  series  of  tests  in  the  more  informative 
and  promising  areas.  For  the  Tl-3Al-13V-llCr  alloy, the  effect  of  duplex 
aging  treatments,  especially  the  low- high  type,  will  be  more  fully  studied. 
The  effects  of  cold  working  followed  by  subsequent  aging  have  been  shown 
to  improve  tensile  ductility  li^veiiSr  dnd  this  will  also  be  studied.  The 
proper  use  of  either  of  these  techniques  may  iniprove  toughness,  and  allow 
the  utilization  of  this  alloy,  with  its  many  attractive  charMterlstlcs, 
without  loss  of  reliability. 
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TABLF  I 


EFfBCT  OF  HEAT  TREATMENT  UPON 
CONVENTIONAL  AMD  MECHANICAL  NOTCH  PROPERTIES 
Tl-3Al-13V-UCr 


HEAT  TOEATMEKT 

¥.S. 

(k8l) 

UTS 

(ksi) 

ikEl. 

(2”) 

NTS 

(kBl) 

Ave. 

NTS 

(481) 

NTS 

UTS 

As  Received 

128 

131 

22.0 

145 

146 

145 

1.11 

900 '’F(  2  hr8)AG 

126 

13^^ 

27.0 

134 

131 

133 

0.99 

900'*F(20  hrs)AC 

156 

173 

9.0 

101 

107 

104 

.60 

900'’F(100  hrs)AC 

185 

2Ck 

6.0 

70 

74 

72 

.35 

0OO*F(2  hrs)AC 

128 

139 

20.0 

131:. 

131 

131 

.94 

800*F(100  hr8)AC 

168 

190 

8.5 

91 

102 

97 

.51 

1000*F(1  hr)AC 

127 

136 

20.0 

127 

129 

128 

.9^* 

1000*F(20  hr8)AC 

150 

169 

10.5 

104 

1g4 

104 

.61 

1000^(50  hr8)AC 

157 

173 

5.0 

78 

79 

78 

.45 

1000'’F(100  hr8)AC 

157 

172 

4.5 

61 

62 

61 

.35 

1100*F(1  hr) AC 

128 

133 

24.0 

115 

135 

125 

.93 

1100*F(20  hr8)AC 

134 

150 

13.0 

104 

105 

104 

.70 

1100’F(50  hr8)AC 

135 

148 

6.5 

85 

85 

85 

.57 

1100*F(100  hr8)AC 

136 

146 

4.0 

70 

70 

70 

.48 

1200*F(^*  hr8)AC  +, 
900*F(72  hr8)AC 

161 

182 

7.0 

89 

90 

90 

.49 
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TABLE  I  (Cont) 


EFFECT  OF  HEAT  TREATMEHT  UPON 
COMVEHTIOBAL  AMD  MECHAMICAL  NOTCH  PROPERTIES 
Tl-3Al-13V-llCr 


BEAT  TREATMENT 

Y.S. 

(k8i) 

UTS 

(k8l) 

900*F(48  hr8)AC  + 
1100*F(2  min) AC 

l6l 

179 

1200*F(2  hr8)AC+ 
900*F(48  hr8)AC+ 
U00*F(2  min) AC 

173 

900*F  (100  hr8)AC 

179 

199 

900*F(100  hr8)AC 

179 

200 

900*F(100  hr8)AC 

175 

19^* 

STS 

(ksi) 

Ave. 

STS 

(ksi) 

NTS 

UTS 

9.5 

113 

112 

113 

.63 

8.5 

lOk 

108 

106 

.61 

7.0 

78 

75 

77 

.38 

5.5 

83 

81 

^82 

81 

85 

83 

TABI£  II 


EFFECT  OF  HEAT  TREAIMEMT  UPON 
CONVEMTIOKAL  AND  MECHANICAL  NOTCH  PROPERTIES 


Ti-4Al-3Mo-lV 

HEAT  TREATMENT 

.2% 

Ave. 

Y.S. 

UTS 

^tei. 

NTS 

NTS 

NTS 

(ksl) 

(ksi) 

(k8i) 

(ksi) 

U® 

Afl  Received 

91 

l4l 

17.0 

II4 

no 

112 

.79 

1800’F(1/1^  hr)WQ 

128 

152 

2.5 

138 

133 

135 

.89 

1700"F(1A  hr)WQ 

113 

136 

4.0 

127 

117 

122 

.09 

1650"F(1A  1“*)WQ 

95 

1^^5 

14.5 

115 

113 

114 

.79 

1600*F(1  hr)WQ 

87 

143 

13.0 

no 

108 

109 

.76 

1550*F(1  lir)WQ 

76 

135 

15.0 

io4 

103 

104 

.77 

1500*F(1  hr)WQ 

81 

134 

13.5 

105 

105 

105 

.78 

1450*F(1  hr)WQ 

102 

130 

13.5 

n6 

119 

n8 

.91 

14oO*F(1  hr)WQ 

108 

128 

11.5 

129 

128 

129 

1.01 

1650"F(iA  hr)WQ  + 

900*F(2  hr8)AC 

156 

202 

4.5 

n2 

100 

106 

.52 

1650"F(iA  hr)WQ  + 
90b*F(7hrs)ic 

181 

201 

4.0 

92 

101 

97 

.48 

1650*F(1A  hr)WQ  + 
900*F(24  hrs)AC 

177 

199 

2.5 

87 

100 

93 

M 

l650*FflA  hr)WQ  + 

1000*F(2  hr8)AC 

178 

200 

4.5 

;-9i 

luti 

103 

.51 

l650*FflA  hr)^q,  + 

1000“F(7  hr8)AC 

169 

190 

4.5 

102 

109 

105 

.55 

1650‘’F(1A  hrWQ  + 

1COO*F(24  hrsJAC 

169 

182 

8.0 

123 

n4 

119 

.65 

•  • 

163 

177 

7.5 

124 

130 

127 

.72 
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TABLE  II  (Cont) 

EFFECT  OF  HEAT  TEffiATMEHT  UPON 


y 


CONVENTIONAL  AND  MECHANICAL  NOTCH  PROPERTIES 


T1-Ua1-3Mo-1V 


HEAT  TREA3MENT 

.2$ 

Ave. 

Y.S. 

UTS 

iEi. 

NTS 

NTS 

NTS 

(ksi) 

(ksi) 

(2”) 

(ksi) 

(k8i) 

U® 

1650"F(1/U  hr)WQ  + 
1100“F(7  hr8)AC 

165 

3.0 

133 

115 

124 

.75 

1650'’F(1/4  hr)WQ  + 
UOO"F(24  hr8)AC 

l4l 

153 

8.5 

i45 

136 

l4o 

.92 

li^50"F(l/4  hr)WQ  4- 
900"F(2  hrs)AC 

135 

163 

8.5 

116 

115 

115 

.71 

1450*F(1/4  hr)WQ  + 
900*'F(7  hrs)AC 

l4o 

l6o 

3.0 

ll4 

108 

in 

.69 

1450*F(1A  hr)WQ  + 
900’F(24  hr8)AC 

132 

159 

6.0 

121 

118 

120 

.75 

1450"F(1  hr)WQ  + 

129 

150 

6.5 

137 

137 

.92 

1000*F(2  hr8)AC 

138 

1450*F(1  hr)WQ  + 
1000*F(  7  hr 8) AC 

128 

1^5 

7.0 

136- 

110 

123 

.85 

1450*F(1  hr)WQ  + 
1000‘’F(24  hrs)AC 

m 

lg.5 

147 

137 

.97 

1450*F(1  hr)WQ  + 
U00"F(2  hr8)AC 

125 

145 

8.0 

135 

136 

135 

.93 

1450*F(1  hr)WQ  + 

138 

1100*F(7  hr8)AC 

126 

l4o 

11.0 

138 

138 

.98 

1450*F(1  hr)WQ  + 
1100’F(24  hr8)AC 

119 

134 

11.0 

125 

134 

129 

.97 

1800"F(1A  hr) AC 

138 

153 

2.5 

118 

114 

116 

.76 

1650*F(1A  hr) AC 

133 

159 

7.0 

124 

l4l 

133 

.83 

1500‘’F(iA  hr)AC 

108 

132 

13.0 

123 

118 

120 

.92 

1650*F(1A  hr)AC  + 
900*F(2  hr 8 ) AC 

142 

l6l 

3.5 

ll4 

124 

n9 

.73 

1650*F(iA  hr)AC  + 

135 

154 

2.0 

122 

122 

.80 

900*F(7  hr8)AC 

123 

1650*F(1A  hr)AC  + 

13*^ 

155 

5.0 

130 

135 

.87 

900*F(24  hr8)AC 

l4l 
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TABLE  III 


EFFECT  OF  HEAT  TREATMENT  UPON 

—  "  i 

CONVENTIONAL  AND  MECHANICAL  NOTCH  PROPERTIES  | 

T1-140A  4 


HEAT  TREATMENT 

.2i 

Ave. 

i 

U.S. 

UTS 

^^El. 

NTS 

NTS 

NTS 

■ 

(ksl) 

(ksi) 

(2") 

(ksl) 

(ksi) 

UTS 

1 

As  Received 

Il4 

134 

22.5 

125 

127 

.94 

4 

i 

129 

1 

l600'’P(l/4  hr)WQ 

VERY 

BRITTLE 

23 

61 

42 

1 

1480“f(1/4  hr)WQ 

143 

146 

1.0 

112 

119 

116 

.79 

i 

[ 

144o‘’F(1/4  hr)WQ 

156 

l6o 

1.5 

115 

113 

ll4 

.71 

1 

1 

li;00'*F(l/i^  hr)WQ 

l6o 

165 

9.5 

147 

131 

139 

.84 

j 

i 

1350’’F(1  hr)WQ 

136 

145 

1500 

145 

142 

143 

.98 

1 

1 

ISOO^FCI  hr)WQ 

130 

139 

16.5 

l4o 

139 

l4o 

1.00 

1 

! 

1350"F(1  hr)WQ  + 
800"F(2  hrs)AC 

184 

1.0 

69 

59 

64 

.35 

i 

1 

1350 '’F(l  hr)WQ  + 
800^F{7  hrs)AC 

150 

176 

4.0 

111 

114 

112 

.64 

1 

1350‘’F(1  hr)WQ  + 
800*F(24  hr8)Ad 

152 

173 

10.0 

117 

118 

117 

.67 

1350‘’F(1  hr)WQ  + 

149 

173 

13.0 

118 

118 

.68 

900‘’F(2  hr5)AC 

118 

1350“F(1  hr)WQ  + 

135 

155 

18.5 

124 

126 

.81 

900'’F(7  hrs)AC 

128 

0 

1350°F(1  hr)WQ  + 
900‘’F(24  hrs)AC 

136 

155 

15.0 

133 

128 

130 

.84 

1 

1350'’F(1  hr)WQ  + 

135 

148 

15.0 

l4i 

142 

.95 

1000 “F( 2  hrs)AC 

142 

1350*F(1  hr)WQ  + 
1000“F(7  hr8)AC 

130 

142 

19.0 

139 

i37 

138 

.97 

4 
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HEAT  TREATMENT 


1350*’F(1  hr)WQ  + 
1000^(24  hr8)AC 

1350"F(1  hr)WQ  + 
U00*’F(2  hrs)AC 

1350*Ffl  hr)WQ  + 
1100*F(7  hrs)AC 

1350"F(1  hr)WQ-|l- 
1100*F(2l;  hrs)AC 

IUSCfCI/Ii.  hr)WQ  + 
800*F(2  hr8)AC 
1480*F(1A  hr)WQ  + 
800*F(2  hr8)AC 
1480*F(1A  hr)WQ  + 
800*F(24  hrslAC 

l480*F(lA  hr)WQ  + 
9CX)*F(2  hr8)AC 

l480*’F(l/lf  hr)WQ  + 
900’F(7  hr8)AC 

1U80'’F(1/4  hr)WQ  + 
900‘’F(24  hr8)AC 

llf80'’F(l/4  hr)VQ.  + 
1000'’F(2  hr8)AC 

1480'’F(1/4  hr)WQ  + 
1000'’F(7  hr8)AC 

1480*F(1/4  hr)WQ  + 
1000*F(24  hr8)AC 

1480* F( 1/4  hr)WQ  + 
1100*F(2  hr8)AC 

1480“F(1/4  hr)WQ  + 
1100“F(7  hr8);>r 

1480^1/4  hr)Wq  + 
1100"F(24  hr8)AC 


TABLE  III  (Cont) 
Hji'irjiEffFBCTJrORamAT-'TREATMBI^ 

CONVENTIONAL  AND  MECHANICAL  NOTCH  PROPERTIES 

ti-i4oa 


.2i 

Y.S. 

(ksi) 

UTS  ^1. 

Usi)  (2”) 

NTS 

(ksi) 

Ave. 

NTS 

(ksi) 

NTS 

UTS 

127 

138  20,0 

134 

134 

.91 

124 

136  15.0 

136 

136 

136 

1.00 

124 

134  21.0 

132 

131 

131 

.98 

116 

126  21.0 

125 

126 

126 

1.00 

SHATTERED  DURING 

SHEARING 

SHATTERED  DURING 

SHEARING 

SHATTERED  DURING  SHEARING 

157 

164  7.5 

146 

i45 

146 

.89 

l4l 

154  10.5 

l4o 

137 

138 

.90 

145 

157  10.0 

149 

l44 

147 

.94 

156 

165  9.0 

159 

l46 

152 

.92 

147 

159  13.0 

154 

154 

154 

.91 

133 

145  15.5 

147 

144 

145 

1.00 

139 

l48  13.5 

153 

l48 

150 

1,02 

133 

144  15.5 

143 

l4o 

l4l 

.98 

124 

134  l4.o 

136 

133 

134 

1.00 

TABLE  III  (Cont) 

EFFECT  OF  HEAT  TREATMENT  UPON 
CONVEMTIONAL  AKD  MECHAMCAL  NOTCH  PROPERTIES 
Ti-l40A 


HEAT  TREATMENT 

.2^ 

Ave. 

v.s-: 

UTS 

^El, 

NTS 

NTS 

NTS 

(ksl) 

(ksl) 

(2") 

(ksl) 

(ksl) 

UTS 

1600“F(i/4  hr) AC 

— 

168 

---- 

45 

70 

58 

.34 

1480:‘'f(1/4  hr) AC 

SHATTERED 

DURING 

SHEARING 

1400^1  A  lir)AC 

175 

178 

1.5 

104 

91 

97 

.54 

1480*F(iA  hr) AC  + 
900 ‘’F( 2  hrs)AC 

147 

157 

9.0 

i43 

136 

139 

.89 

1480“F(iA  hr) AC  + 
900"F(7  hrs)AC 

147 

157 

10.0 

145 

142 

143 

.91 

TABLE  IV 


EFFECT  OF'  HEAT  TREATMENT  UPON 
CONVEHnONAL  AND  MECHAKICAL  NOTCH  PROPERTIES 
J^'  T1-155A 


HEAT  TREATMEMT 

.2i 

Ave. 

Y.S. 

UTS 

ikEL. 

NTS 

NTS 

NTS 

(kBi) 

(ksi) 

(2") 

(ksi) 

(ksi) 

As  Received 

l4l 

149 

13.5 

132 

127 

129 

.86 

1800*F(1/4  hr)WQ 

138 

157 

2.5 

90 

84 

87 

.55 

1700‘’r(lA  hr)WQ 

82 

129 

5.5 

66 

76 

71 

.55 

1650"F(1/4  hr)WQ 

80 

164 

10.0 

■■75 

'7^ 

77 

.^7 

l600‘’F(l  hr)WQ 

79 

145 

8.5 

"77 

77 

77 

.53 

1550*F(1  hr)WQ 

129 

150 

8.5 

116 

120 

118 

.78 

1500*F(1  hr)WQ 

138 

146 

8.5 

130 

125 

127 

.87 

iii8*Fi:i  tojwQ 

13^ 

148 

13.0 

132 

119 

125 

.84 

14oo’’F(1  hr)WQ 

139 

150 

12.5 

134 

131 

133 

.88 

1650*F(1/4  hr)WQ 
900*F(2  hrs)AC 

+ 

SHATTERED 

DURING 

SHEARING 

1650’’F(1/J|  hr)WQ 
900*’F(7  hrs)AC 

+ 

SHATTERED 

DURING 

SHEARING 

1650*F(1/4  hr,)wq 

+ 

- 

196 

0 

75 

76 

.39 

900'’F(24  hrB)AC 

77 

1650'’F(1/4  hr)WQ 
1000'’F(2  hrs)AC 

+ 

194 

211 

4.0 

76 

68 

72 

.34 

1650'’F(1/4  hr)WQ 

+ 

188 

196 

3.0 

80 

74 

.38 

1000“F(7  hrs)AC 

68 

1650*F(1/4  hr)WQ 
1000'’F(24  hr8)AC 

+ 

190 

192 

2.5 

111 

107 

109 

.57 

l650*Ffl/l|  hr)WQ 
1100*F(2  hr8)AC 

+ 

182 

184 

4.0 

101 

97 

99 

.54 
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TABLE  IV  (Coat) 


EFFECT  OF  HEAT  TOEATMEWT  UPON 
COHVEHnOHAL  AKD  MECHANICAL  NOTCH  PROPERTIES 
T1-155A 


HEAT  TREATMENT 

.2^ 

Y.S. 

UTS 

(ksl) 

(ksi) 

1650*F(1/4  hr)WQ  + 

IIOO^FCT  hrs)AC 

1650"F(1/4  hr)WQ  + 
1100‘’F(24  Hrs)AC  ' 

1450*F(1  hr)WQ 
900*F(2  hr) AC 

174 

175 

164 

164 

159 

181 

li+50*F(l  hr)WQ  + 
9CX)*F(7  hrsMC 

164 

184 

lJ^50'’F(l  hr)WQ  + 
900'’F(24  hrs)AC 

166 

185 

lJf50°F(l  hr)WQ  + 
1000‘’F(2  hrs)AC 

167 

182 

1450*F(1  hr)WQ  + 
IDOO^fC?  hr8)AC 

161 

176 

1450‘’F(1  hr)WQ 
1000’’F(24  hrs)AC 

1450*F(1  hr)WQ  + 
1100*’F(2  hrs)AC 

160 

175 

155 

169 

1450‘’F(1  hr)WQ  + 
1100*F(T  hrs)AC 

147 

159 

1450'’F(1  hr)WQ  + 
1100“F(24  hrs)AC 

144 

156 

1800* F( 1/4  hr) AC 

160 

164 

1650“F(1/4  hr)AC 

167 

178 

1650“F(1/4  hr) AC  + 
900*F(2  hr) AC 

163 

178 

1650*F(1/4  hr) AC  + 
900*F(7  hrs)AC 

— 

176 

1650'’F(1/4  hr)AC 
900“F(24  hr8)AC 

— 

178 

Ave, 


^El. 

(2") 

NTS 

(ksi) 

NTS 

(ksi) 

NTS 

UTS 

4.5 

100 

112 

106 

.60 

3.0 

ll4 

98 

106 

.64 

6.5 

97 

98 

98 

.54 

7.0 

97 

93 

95 

.52 

6.5 

99 

101 

100 

.54 

9.5 

87 

93 

90 

.49 

9.0 

107 

105 

106 

.60 

9.0 

104 

109 

107 

.61 

10.5 

112 

no 

111 

.65 

10.5 

120 

ii4 

117 

.74 

11.5 

123 

112 

117 

.76 

2.5 

103 

107 

105 

.64 

.■3.0 

101 

101 

101 

.57 

3.0 

103 

101 

102 

.57 

0 

78 

78 

.44 

0 

61 

62 

61 

.34 
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TABLE  V 


MAXIMUM  ROTCH  VALUES  FOR 
VARIOUS  YIELD  5TRBHGTHS 


.2^  Yield  Strength 

Maximum  Notch  Strength 

Maximum  Notch  Ratio 

Level 

AUiio: 

ValUaj-kai)! 

i)  AlKSSrl;- 

ValfiiiG. 

Up  to  120  ksi 

T1-4a1-3Mo-1V 

129 

Many  over 

1 

120  ksi  to  130  ksi 

Tl-3Al-13V-llCr 

145 

Tl-3Al-13V-llCr 

1.11 

130  ksi  to  l4o  ksi 

ti-i4oa 

150 

Ti-l40A 

1.02 

l40  ksi  to  150  ksi 

Ti-l40A 

154 

Ti-l40A 

.97 

150  ksi  to  160  ksi 

Ti-l40A 

152 

ti-i4oa 

-96’ 

160  ksi  to  170  ksi 

Ti-4Al-3Mo-lV 

127 

Ti-4Al-3Mo-lV 

.72 

170  ksi  \q) 

Ti-155A 

110 

Ti-155A 

.60 

A 
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TABLE  VI 


COMPARISON  OF  SAMPLE  NOTCH  STREWSTH 
AND  TENSILE  DUCnUTT  VALUES 


Alloy 

yield 
.  (ksl) 

UTS 

(ksl) 

^tei. 

Notch  Strength 
(ksl) 

Ratio 

Ti-l40A 

156 

165 

9.0 

152 

.92 

ti-i4oa 

157 

163 

7.5 

l46 

.89 

Tl-3Al-13V-llCr  150 

169 

10.5 

104 

.61 

T1-155A 

155 

169 

10.5 

Hi 

.65 

ll>160 


NOTCH  STRENGTH  VS.  YIELD  STRENGTH 
TI-3AI-I3V-  IlCr 


NOTCH  STRENGTH  VS.  YIELD  STRENGTH 
TI-3AI-l3V-IICr 


FIGURE  2 


II-i62 


NOTCH  STRENGTH  (ksi) 


NOTCH  STRENGTH  VS.  YIELD  STRENGTH 
Ti-4AI-3Mo-  IV 


FIGURE  3 


NOTCH  STRENGTH/ ULTIMATE  TENSILE  STRENGTH 


vs.  YIELD  STRENGTH 


NOTCH  STRENGTH  (ksl^ 


NOTCH  STRENGTH  VS.  YIELD  STRENGTH 


TI-I55A 


FIGURE  6 


iTi. 


TRANSCRIBED  DISCUSSION:  SECOND  SESSION 
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Seventh  Sagamore  Conference 


E.  R.  Mettz  I  would  like  to  ask  Mr.  Powell  if  in  the  first  test  he  illustrated, 
he  made  correction  for  bulging?  I  noticed  appreciable  bulging  and  found  that  making 
corrections  for  the  bulge  resulted  in  a  considerable  reduction  in  burst  strength. 

R.  C.  Ppwell  Calculations  were  made  to  try  to  estimate  the  effect  of  bulging 
on  the  absolute  burst  test  values  as  originally  recorded,  and  I  think  there  was  a 
maximum  effect  of  about  20,000  psi.  As  1  recall,  maximum  correction  lowered  stresses 
to  around  282,  000  psi.  This  was  not  tme  for  all  cases.  In  some  cases  where  there 
was  little  bulging,  little  if  any  correction  was  necessary. 

V.  Weiss  I  would  like  to  ask  Mr.  Arnold  a  question.  How  are  these  impact 

tests  on  sheet  specimens  obtained  and  finally  reported?  I  believe  you  took  stack  sheet 
specimens  and  notched  them.  Did  you  divide  the  impact  energy  that  you  obtained  by 
the  number  of  specimens  to  get  the  impact  energy  for  one  sheet  specimen? 

S.  V.  Arnold  No.  This  particular  group  of  data  were  obtained  using  a  single  ^ 
thickness  Charpy  specimen  of  dimensions  which  were  conventional  except  that  the  thick¬ 
ness  corresponded  to  the  gauge  under  investigation.  This  design  works  very  well  in 
gauge  thickness  where  buckling  does  not  occur  during  the  fracture  process. 

W.  F.  Brown  I'd  like  to  make  a  comment  which  I'll  direct  to  Jack  Hamaker  of 
the  Vanadium  Alloys  Steel  Company  and  to  you  Mr.  Pbwell.  This  has  to  do  with  the 
effect  of  decarburization  increasing  the  toughness  of  H-11.  This  puzzles  me  a  bit.  We  ' 
and  Jack  Hamaker  have  results  which  show  the  toughness  of  this  steel  increases  with 
increasing  carbon  Content .  and  there  is  enough  data  now  so  that  we  believe  we  are  not 
fooling  ourselves  in  any  way.  Our  results  cover  carbon  contents  from  about  0.23  to 
about  0.  43  percent  and  a  range  of  tempering  temperatures.  There  is  no  question  that 

the  toughness  increases  with  increasing  carbon  content  though  it  did  level  off  at  about 
0.38  carbon.  Jack  Hamaker,  in  a  similar  investigation,  used  impact  tests  and  obtained 
essentially  the  same  results.  Now  these  data  seem  to  be  in  contradiction  to  the  report¬ 
ed  increase  in  toughness  due  to  decarburization. 

R.  C.  Pbwell  This  effect  of  decarburization  is  something  that  we  noted  a  long 
time  ago,  observing  SAB  type  .alloy  steels  and  it  doesn't  seem  to  be  confined  to  any 
particular  grade  of  steel.  The  effect  was  measured  by  the  bend  test  as  illustrated,  and 
also  by  impact  tests  on  notched  Charpy  specimens,  decarburized  vs  not  decarburized; 
after  tempering  at  1000  and  1100  F.  In  each  case  we  showed  a  distinct  improvement  in 
the  impact  strength  for  the  decarburized  specimen. 
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W.  F.  Browa  We  maide  a  carbon  investigation  for  300-M  and  it  was 

found  =  as  expected  “  that  the  toughness  increases  at  a  given  strength  level  with 
decreasing  carbon  content.  The  H=ll  showed  the  reverse  effect. 

J.  Hamaker  The  degree  of  decarburization  is,  I  believe,  the  critical 

point  here.  I  think  Mr.  Powell’s  photomicrographs  show  that  there  is  still  a  good 
bit  of  carbon  in  there;  in  fact,  the  surface  layer  probably  doesn't  go  below  0.30%. 
There  definitely  is  increased  ductility  with  lotver  carbon  as  shown  in  smooth  bar 
tests.  Thus,  where  localized,  bending  stresses  are  obtained  in  vessels,  a  small 
amount  of  decarburization  might  well  be  helpful.  Our  data  did  not  clearly  define 
the  critical  carbon  content  between  0. 30  and  0.  40  percent  but  indicated  that  severe 
decarburization  is  harmful. 

A.  Hurlich  I  think  the  effect  of  decarburization  can  be  attributed  to 

the  fact  that  in  any  normal  heat-treated  steel  you  will  find  some  grain  boundary 
oxidation  or  defects  that  open  up  piaybe  two  or  three  grains  deep.  The  effect  of 
decarburizatioR  is  to  reduce  the  effect  of  the  stress  concentrations  provided  by  these 
grain  boundary  defects  and  give  you  a  tougher  material  which  is  capable  of  a  little 
deformation  at  the  surface  and  therefore  obviates  the  dangers  inherent  in  these  very 
m inute  s urfacq  defects . 

W.  F.  Brown  The  point  that  I’m  trying  to  make  is  that  according  to 

our  results  there  should  be  more  not  less  sensitivity  to  surface  defects  if  H-11  is 
decarburized.  The  lower  carbon  material  has  less  tougness,  not  the  other  way 
around^ 

H.  Bernstein  We  have  no  data  on  the  effect  of  decarb  on  H-11  steel 

as  determined  by  central  notch  tests,  U.  £,  Steel  has  the  best  data  we’ve  seen  to 
date  on  X200.  It  shows  a  really  spectacular  increase  in  fracture  toughness  and 
resistance  to  crack  propagation  by  means  of  the  central  notch  test  on  decarburized 
X200  steel.  We  have  observed  the  same  thing  on  AMS  6434.  This  may  be 
chemistry-sensitive.  It  is  quite  possible  that  H-Il  is  a  different  beast  but  we 
have  no  data  to  support  it.  I  do  not  think  there  is  enough  difference  between  H-IJ, 
AMS  6434,  AMS200  to  give  yo  j.  this  marked  change  in  fracture  behavior,  but  this 
has  not  been  substantiated  because  we  do  not  have  any  data  on  it. 

N.  L.  Reed  This  is  a  question  for  Mr.  Powell.  You  show  a  burst 

full  size  motor  case.  Can  you  tell  us  whether  you  examined  that  for  decarburiz¬ 
ation? 


R.  Co  Powell  The  case  was  not  examined  by  us  for  decarburization, 

but  according  to  the  test  pieces  that  were  heat-treated  along  with  it  and  should  be 

representative  of  the  case,  the  depth  of  decarb  ranged  between  0.  002  to  0. 005 
inches . 

F.  Richmond  We  have  done  q  ;i.te  a  bit  of  work  on  H-ii  and  our  results 

are  exactly  contrary  to  Mr,  Brown's  in  that  we  get  a  very  significant  increase  in 


toughness  (at  least  as  measured  by  the  instrumented  bend  test)  by  reducingthe  carbon 
to  about  0.  30  to  0. 35  percent  and  heat-treating  to  get  the  same  yield  strength  as  for 
0.  40  percent  carbon.  With  the  lower  carbon  H-11  we  have  been  able  to  obtain 
240,  000  psi  yield  strength  with  parameter  values  of  1  or  greater  in  the  instrumented 
bend  test.  We  are  very  much  concerned  with  the  fact  that  Mr.  Brown  and  others  have 
recently  shown  that  H-11  reacts  differently  than  most  other  alloys  in  regard  to  the 
effects  of  carbon  on  toughness.  I  do  not  have  the  data  with  me  but  we  do  have  a  report 
in  preparation  and  will  be  happy  to  circulate  it  to  anyone  who  is  interested.  It  is 
possible  that  Mr.  Brown  and  others  have  missed  the  effect  we  noted  because  of  a  lack 
of  data  in  this  critical  range  or  because  of  other  differences  in  their  materials.  We 
definitely  feel  that  lower  carbon  is  quite  beneficial  in  H-11. 

W.  F.  Brown  We  also  have  looked  into  consumable  electrode -vacuum  melted 

versus  standard  air  melted  H-11.  Fracture  toughness  measurements  were  made  at 
0.  35  carbon  level  over  a  range  of  tempering  temperatures.  We  were  always  careful  to 
know  the  carbon  content  of  the  heat-treated  sheet  and  compared  CBVM  with  air  melt 
at  the  same  carbon  level.  The  data  show  very  little  difference  between  consumable 
elect  rode -vacuum  melted  and  air  melted  material.  Now,  I  would  like  to  ask  Mr. 

Powell  why  he  thinks  that  the  consumable  electrode-vacuum  melted  material  is  neces¬ 
sary?  Do  you  have  data  to  show  consumable  elect  rode -vacuum  melted  material  should 
be  used  or  is  it  used  only  to  be  on  the  safe  side? 

R.  C.  Powell  Our  choice  of  vacuum  melted  material  is  predicated  on  fabric¬ 
ation  as  well  as  on  the  properties  of  the  finished  product.  I  have  mentioned  that  we 
flow-turned  the  cylindrical  section,  and  we  have  considerable  evidence  based  on  flow- 
turning  of  high  temperature  alloys .  In  martensitic  stainless  steels,  non-metallics  can 
be  a  serious  detriment  to  flow-turning  quality.  We  have  seen  some  difficulties  with 
air-melted  H-11,  You  can  have  a  clean  heat  of  air-melted  H-11,  and  consumed  electro- 
de-vacuum  melting  is  no  guarantee  of  cleanliness.  Nevertheless,  we  feel,  to  be  on  the 
safe  side,  we  will  go  with  the  vacuum  melted  product. 

D.  W.  Kinsey  I’d  like  to  ask  Mr.  Brown  what  order  of  magnitude  of  partial 
decarburization  he  was  examining  for  the  results  which  might  reverse  their  field?  Our 
impression  is  that  decarb,  when  you  are  at  .001,  .002  or  .003 inches,  is  probably 
normal  for  at  least  roll  and  weld  construction  with  sheet  coming  from  the  producer  and 
being  heat-treated  at  the  fabricator’s  plant,  is  typical  of  what  we  would  call  the  un- 
decarburized  condition.  This  is  opposed  to  .  010  or  .  015  inches  which  is  the  order  of 
magnitude  which  I  think  has  been  examined  for  improvements  in  burst  test  performance. 

W.  F.  Brown  The  sheet  we  investigated  was  not  decarburized  but  we  had 

sheet  from  different  heats  that  varied  in  carbon  content. 

H.  Bernstein  I  think  the  only  way  we  can  resolve  this  to  my  satisfaction  is 

to  get  some  decarburized  sheets  and  mn  some  center  notch  fracture  toughness  tests  on 
it. 


P.  R.  Ko sting  Is  this  decarburization  process  carried  out  in  a  high  oxidizing 

atmosphere? 


R.  C.  Powell  7rhe  co.titrol  of  partial  decarburizatioE  can  be  achieved  by 

either  controlling  the  dew  point  of  an  endothermic  gas  atmosphere,  or  by  using  an 
exothermic  type  atmosphere  with  needed  amounts  of  propane  added  to  the  gas  atmos¬ 
phere, 

L;  Schapiro  I  would  like  to  say  something  with  regard  to  H-11,  and  al¬ 

though  it  is  not  pertinent  to  the  discussion  on  decarb,  1  think  it  is  important  to  get  it 
into  the  record.  It  might  also  give  Mr,  Brown  an  added  thing  to  worry  about.  I  would 
like  to  call  your  attention  to  the  fact  that  the  photograph  that  was  shown  by  Mr. 

Powell  on  the  H=ll  burst  case  showed  a  nice  watermelon  type  burst  rather  than  the 
fragmented  burst  that  I  believe  we  have  all  seen  from  other  people  on  H-11.  This  is 
an  added  difference  resulting  from  the  controlled  decarb  heat -treatment,  the  difference 
between  watermelon  and  fragmented  bursts, 

J.  Hamaker  We  have  reviewed  quite  a  few  burst  tests  during  the  past 

few  years.  In  most  cases  bad  decarburization  from  poor  heat-treat  control  appeared  to 
be  the  only  consistent  contributing  factor.  Since  Mr.  Brown,  Mr.  Klier,  and  ourselves 
have  all  come  up  with  the  same  answer,  there  appears  to  be  a  definite  correlation. 

L,  Schapiro  In  this  regard  I  think  it  is  very  important  for  everyone  to 

make  themselves  very  clear  on  just  how  much  decarb  they  are  speaking  about.  The 
amount  of  decarb  that  Mr.  Hamaker  was  referring  to,  I  believe,  was  considerably  in 
excess  of  the  am.ount  that  Mr.  Powell  was  describing.  This  is  very  important. 

J.  Sheehan  We  have  recently  obtained  data  at  Armour  Research  that 

tend  to  support  Bill  Brown's  residt.  We  melted  a  series  of  heats  of  2  percent  Cr 
steel  having  carbon  contents  of  0,  24,  0. 30,  0,  40,  and  0.  50  per  cent.  Using  the 
center-notch  tensile  test  we  found  increasing  Gc  values  as  the  carbon  content  de¬ 
creased  from  0.  50  to  0,  30  percent  but  with  the  0,  24  percent  carbon  content  there 
was  an  anomalous  reversal  to  very  low  Gq  values.  At  the  moment  we  cannot  explain 
this  behavior,  however,  we  hope  to  be  able  to  draw  better  conclusions  on  the  effects 
of  carbon  content  after  the  results  of  our  decarburization  studies  on  these  same 
steels  have  been  obtained. 


C.  M.  Carman  I  would  like  to  ask  Mr.  Powell  if  he  shouldn’t  be 

thinking  a  little  different  about  this.  I  noticed  that  with  the  titanium  alloys  you 
get  large  improvements  ir  fracture  toughness  after  the  flow-turning  operation.  We 
have  seen  lots  of  H-11  specimens  and  have  broken  a  few  of  them  ourselves,  but  never 
had  such  good  results  as  were  indicated  by  your  burst  tests.  Could  it  be  conceivable; 
for  an  idea  at  least,  that  the  flow.>turmng  has  more  to  do  with  improving  the  stmctur- 
al  properties  of  this  material  than  the  decarb? 
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R,  C.  Powell  Theses  cases  are  heat-treated  after  flow -turning  which  obviates 
a  good  deal  of  the  original  directionality  that  has  been  put  in  by  working.  It  is  possible 
that  the  flow-turning  does  have  something  to  do  with  the  high  burst  stresses.  We  have 
not  considered  this. 

C.  M.  Carman  Are  your  titanium  cases  heat-treated  after  flow-turning  also? 

R.  C.  Powell  They  are  aged  after  flow-turning. 

P.  Wallace  Regarding  decarburization  I  just  want  to  introduce  .another  factor 

that  some  people  might  want  to  take  into  consideration.  There  are  heat -treatment 
variables  which  can  be  very  critical  at  times.  The  amount  and  nature  of  residual  stresses 
are  function  of  thermal  and  constitutional  changes  that  are  taking  place  in  a  metal 
during  heat -treatment.  The  effects  of  these  residual  stresses  are  more  pronounced  on 
carburized  surfaces  but  they  also  must  be  effective  on  decarburized  surfaces.  Whether 
this  decarburized  surface  is  intension  or  compression  is  determined  by  heat -treatment 
variables  in  addition  to  chemistry,  mass,  configuration,  and  so  forth. 

W.  P.  Achbach  With  respect  to  the  work  by  Pratt  and  Whitney  and  U.  S.  Steel 
and  that  work  by  NASA  (Brown)  and  Vanadium  Alloys  (Hamaker)  on  decarburization  and 
alloy  carbon  content,  I  should  like  to  point  out  that  at  a  carbon  level  somewhere  around 
0.  25  percent  (depending  upon  the  remainder  of  the  steel  chemical  composition),  we 
have  what  is  called  low-carbon  martensite  which,  if  you  look  at  it  under  high  magnifi¬ 
cation  has  a  biocky  appearance.  At  carbon  levels  over  about  0.  25  percent  an  ascicular 
type  of  martensite  prevails  which  has  a  predominantly  needle-like  appearance.  A 
gradient  in  structure  from  biocky  to  ascicular  probably  prevails  in  the  decarburized  skin, 
Mr.  Powell  is  talking  about.  There  is  a  basic  difference  between  studies  on  the  effect 
of  carbon  content  on  the  behavior  of  sheet,  and  studies  on  the  effect  of  a  decarburized 
layer  at  the  root  ol  a  notch  on  the  behavior  of  the  sheet,  both  with  respect  to  stress 
distribution,  stress  gradient,  and  flow  characteristics. 

D.  W.  Kinsey  I  think  most  of  Aerojet’s  data  will  show  that  .  002  or  .  003  inches 
of  partial  decarb  will  not  do  this  job.  To  get  back  to  Mr.  Brown's  original  statement, 

in  line  with  the  work  at  Armour,  we  have  mn  a  series  of  3  percent  chromium,  1  1/2 
percent  silicon  steels  at  various  carbon  levels  through  fracture  toughness  studies.  Many 
of  you  have  seen  this  data.  At  0.  35  and  0. 36  percent  carbon,  everything  else  being 
essentially  constant,  we  got  G  values  in  excess  of  a  thousand.  Where  we  went  to  0.  42 
percent  carbon,  the  G  value  dropped  down  to  less  than  400.  *  I  am  of  the  opinion  that  in 
this  type  of  steel  the  crossover  point  therefore  must  be  somewhere  between  0.36  and 
0.  42  percent.  As  Bill  indicated,  0.38  still  was  of  that  magnitude.  I  think  this  is 
bracketing,  now,  the  cross-over  point  on  section  carbon  as  opposed  to  the  theorists 
who  like  the  surface  decarb  as  a  method  of  improving  the  notch  toughness. 

J.  W.  Sweet  Mr.  Arnold,  in  regard  to  your  work  on  the  effects  of  residual 

tensile  stress,  have  you  considered  shot  penning  to  observe  the  amount  of  improvement 
that  might  occur  in  the  notch  sensitivity? 

S.  Vi  Arnold  No,  my  study  has  been  concerned  with  residual  tensile  stresses  in 
combination  with  a  notch.  It  is  not  immediateJy  apparent  how  one  could  shot  pean  the  base 
of  sharp  notches  such  as  have  been  incorporated  in  the  specimens  I  have  employed. 
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K.  H.  Abbott  We,  at  Wateitown  Arsenal  Labs,  initially  planned  to 

present  another  paper  here  on  the  nctch-unnotch  tensile  properties,  as  a  function 
of  solution  treating  temperatures,  aging  temperature  and  time  for  two  titanium 
alloys.  One  is  Ti  140A  and  the  other  is  the  B120  VGA.  The  data  is  not  ready 
since  the  final  tests  are  being  conducted  this  week.  The  data  consists  of  notch- 
unnotch  tensile  ratios  with  the  ASME  standard  edge  notch  specimen  with  a  .  001 
in.  radius  notch.  For  the  Ti  140A,  for  example,  at  .2  percent  yield  strength 
levels  of  about  140  to  150  thousand  ps^  notch-unnotch  ratios  of  approximately 
1  were  obtained.  All  of  the  possible  practical  solution  treating  and  aging  temper¬ 
atures  and  times  were  included. 

A,  Hurlich  Last  night.  Dr.  Beeuwkes  gave  an  equation  on  the  effects 

of  missile  performance  by  redsiction  in  weight,  showing  that  you  could  get  very 
significant  improvements  and  range  by  decreasing  your  weight  just  a  few  pounds, 
and  then  he  asked  how  meaialEgful  is  this  and  how  much  advantage  can  be  taken 
of  it.  I'd  like  to  answer  that  and  also  bring  out  a  point  that  pertains  tothe  last 
presentation.  In  the  Atlas  where  we  use  the  cold  rolled  stainless  steels,  by  virtue 
of  the  fact  that  our  cold  roilirig  is  achieved  on  the  Sendzimir  mill,  we  are  buying 
material  on  a  production  basis  that  is  cold  relied  to  about  a  third  or  a  half  of  the 
AISI  thickness  toieraoee.  Consequently,  at  ,015  inches  we  are  buying  material 
that  has  a  plus  or  minus  .  0005  inches  thickness  tolerance;  at  .  020  inches  we  are 
buying  at  plus  or  minus  .  0008  inches  thickness  tolerance.  This  is  one  of  the  very 
direct  advantages  of  purchasing  material  that  is  cold  worked  to  final  gages.  You 
can  have  a  very  close  thickness  tolerance  control,  and  this  is  very  significant  for 
the  weight  control  and  range  performance  of  long  range  missiles.  In  the  Atlas 
missile,  although  the  exact  details  are  classified,  the  variation  in  weight  from 
missile  to  missile  is  within  a  relatively  s.m.aH  number  of  pounds,  and  therefore 
the  range  is  very  carefully  controlled  and  also  maximized  by  keeping  the  weights 
down  to  an  absolute  minimum  consistent  with  the  yield  strength  and  the  design 
allowable  strength  levels  of  the  materials  employed.  This  is  a  very  important 
point  that  should  not  be  lost  sight  of  since  we  are  dealing  with  thin  sheet  materials. 

It  is  possible  to  control  the  thickness  and  weight  of  thin  sheet  materials  much  more 
precisely  than  many  compaiLies  care  to  do  commercially.  Five  or  six  years  ago 
we  went  out  to  buy  the  Atlas  skin  material  and  only  one  company  made  an  attempt 
to  meet  the  requirements.  Today  about  six  or  seven  companies  have  qualified  to 
meet  the  requirements  to  produce  materials  to  this  close  gauge  control  and  I  think 
there  is  a  definite  move  in  industry  to  provide  thickness  tolerances  that  are  much 
better  than  normal  com.merciai  practices, 

J,  D.  Marble  I  haim  a  question  for  Frank  Larson.  In  this  thickness 

to  width  strain  anisotropy,  what  was  the  effect  of  the  actual  thickness  of  the  sheets? 
Also,  do  you  consider  the  large  differences  in  the  different  titanium  alloys  to  be  an 
effect  of  the  different  phase  strc.ctv.re? 
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F.  R.  Larson  We  did  not  study  too  many  different  sheets  thicknesses.  We 
were  limited,  primarily  because  of  time,  to  study  only  what  we  had  available  or  only 
what  we  could  get  quickly,  and  these  were  all  in  the  range  of  .  050  to  .  100  inch  thick¬ 
ness  so  that  I  could  not  say  from  our  test  data.  Offhand  one  would  feel  that  the  thiimer 
the  material  the  greater  the  normal  anisotropy  should  be,  possible  from  mechanical 
fibering  and  crystallographic  orientation  which  is  predominantly  the  effect  in  titanium 
alloys.  In  titanium  alloys  the  effect  primarily  comes  from  texture  of  a  crystallo¬ 
graphic  nature. 

N.  L.  Reed  I  have  a  question  for  Frank  Larson.  Frank  in  your  table  5  you 

show  that  the  R -value  for  the  4A1  -  3Mo  =  IV  is  better  than  7,  and  for  6A1  -  4V  is  better 
than  3.  Have  you  tested  V120  VCA,  or  are  you  planning  to.  The  second  part  of  the 
question  is,  if  you  haven't  done  that  would  you  guess  if  the  R-value  is  going  to  be  high 
brjs  it  unreasonable  to  make  any  estimates  at  this  time? 

F.  R.  Larson  I  do  not  like  to  speculate  a  great  deal  on  it,  except  to  say  that 
people  have  done  a  lot  of  longitudinal  and  transverse  tests,  and  said,  well  this  sheet  is 
very  isotropic.  Further,  they  have  compared  their  longitudinal  and  transverse  properties 
from  uniaxial  tension  tests  to  those  for  biaxial  stress  states  which  actually  have  differ¬ 
ent  strain  conditions.  So  the  uniaxial  cases  in  longitudinal  transverse  tests  cannot 
tell  you  a  great  deal  about  how  something  would  be  resistant  thinning,  which  I  believe 
is  the  primary  thing  we  are  interested  in.  We  would  like  to  study  this  behavior  in 
titanium  a.  little  more  systematically,  because  the  effect  in  titanium  undoubtedly  comes 
from  a  crystallographic  texture.  Crystallographic  texture  is  developed  by  the  prior 
thermal -mechanical  history  of  the  material.  People  attempted  to  reduce  it  a  few  years 
ago  by  cross -roiling  the  material.  This  cross -rolling  does  not  get  rid  of  the  normal 
anisotropy  so  I  think,  we  have  to  really  dig  in  and  study  a  little  bit  more  about  the 
normal  anisotropy  because  this  is  really  the  thing  that  makes  the  difference  in  the 
behavior  of  the  material  under  a  multiaxial  stress  condition. 

E.  S.  Jones  I  have  a  question  for  Mr.  Sharp.  Would  you  like  to  comment 

on  the  relative  fracture  toughness  of  beta  titanium  at  about  the  180,  000  to  185,  000  psi 
yield  strength  level  versus  H-11  at  the  240,  000  psi  yield  strength  level? 

W.  H.  Sharp  Just  based  upon  what  I  know  of  fractured  toughness  of  H-11  and 

other  steels  at  the  240,  000  psi  level,  they  are  not  very  good  to  say  the  least,  B-120 
VCA  at  a  strength  level  of  180,  000  psi  certainly  would  appear  to  be  at  all  odds  better 
than  the  steels.  Now  what  is  going  to  happen  to  B-120  VCA  at  say  200,  000  or  210,  000 
psi  I  think,  is  something  that  has  to  be  watched  very  closely.  I  would  say  that  B-120 
VCA  is  definitely  tougher  at  an  equivalent  strength  level. 

L.  Schapiro  Mr,  Carman,  when  you  shov?ed  us  a  picture  of  a  cylinder  which 

was  pressurized,  you  commented  that  the  yield  and  the  burst  on  that  cylinder  were  about 


comparable  with  the  uniaxial  properties.  The  question,  I  have  to  ask  you  is,  was 
that  cylinder  made  from  a  tube  or  was  it  made  from  a  bar  that  was  machined  out  and 
how  was  the  uniaxial  specimen  taken? 

C,  M.  Carman  It  was  made  from  a  seamless  tube.  The  round  bar  speci¬ 

mens  for  the  uniaxial  properties  were  taken  from  the  billet  from  which  we  made  the 
tube. 

W.  F.  Brown  I  would  like  to  give  a  little  more  information  on  the 

question  of  titanium  versus  steel,  Mr.  Jones  asked  about  the  comparative  fracture 
toughness  of  beta  titanium  alloy  and  H-11.  You  can  find  that  data  in  an  ASTM 
paper  we  presented  at  the  1960  annual  meeting.  Fracture  toughness  values  are 
plotted  as  a  function  of  yield  strength  to  density  and  as  a  fanction  of  tensile  strength 
to  density.  These  plots  show  Mr.  Sharp's  answer  to  be  essentially,  correct.  How¬ 
ever,  the  fully  heat-treated  condition  of  either  the  titanium  or  steel  is  not  very 
tough,  but  the  titanium  does  seem  to  have  an  edge. 

J.  E.  Srawley  In  connection  with  what  Bill  Brown  just  said,  I  think  you 

have  to  bear  in  mind  that  if  you  compare  the  yield  strength  to  density  ratios,  you 
also  have  to  compare  the  K^^to-  density  ratios.  You  should  not  compare  the  for 
titanium  with  for  steel  on  the  basis  of  equal  yield  strength  to  density  ratio  un¬ 
less  you  do  the  same  thing  for  value.  What  is  important  in  fracture  toughness 
is  actually  the  ratio  of  to  the  stress  level,  which  is  presumably  proportional  to 
the  yield  strength  of  the  material  used  in  the  application.  This  is  to  the  advantage 
of  the  titanium  alloy, 

H.  Bernstein  A  question  for  Mr.  Sharp.  How  do  you  intend  to  get 

equivalent  toughness  and  strength  in  your  closures  and  domes  for  the  B-120  VGA 
case?  You  are  going  to  get  strength  and  toughness  in  the  cylindrical  section  by 
cold  working  and  partial  aging.  You  will  have  unheat-treated  welds.  How  about 
domes  and  closures? 

W.  H.  Sharp  I  must  say  that  we  have  not  checked  the  toughness  of 

the  domes  of  the  B-120  VGA  assemblies.  This  is  something  we  will  do  in  the  future. 
I  think  the  effect  of  warm  work  on  the  dome  coupled  with  appropriate  aging  will  result 
in  fracture  toughness  characteristics  of  a  similar  order.  This  is  a  guess.  K  we  are 
able  however,  to  attain  a  structure  in  the  domes  that  compares  favorably  with  the 
stmcture  of  the  flow-turned  cylinder,  then  we  will  come  up  with  comparable  tough¬ 
ness  characteristics. 

H.  Bernstein  Do  you  intend  to  match  the  strength  of  the  domes  and 

closure  with  the  sidewalls?  Will  the  yield  strengths  equivalent? 
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W.  H,  Sharp  The  indications  are  now  that  the  aid  closures  will  be  but  slight¬ 

ly  inferior  to  the  cylinder. 

£.  V.  Arnold  With  regard  to  this  matter  of  determining  the  notch  toughness 

of  the  head  sections,  this  is  no  easy  trick.  If  you  consider  the  finshed  section,  you 
will  realize  that  this  is  curved  so  that  taking  a  meaningful  specimen  would  be  rather 
difficult. 

E.  R„  Mertz  I  would  like  to  ask  Mr.  Larson  for  his  comments  on  the 

possibility  of  sub"Zero  cooling  as  a  means  of  transformation  of  retained  austenite.  We 
too  are  concerned  with  the  retained  austenite  in  some  of  these  steels  and  would  like  to 
hear  some  opinions  in  this  regard, 

F.  R.  Larson  We  found  in  the  materials  that  we  tested  of  the  H“ll  type,  that 
most  of  the  retained  austenite  was  thermally  stable.  In  other  words,  we  did  sub-zero 
cooling,  I  don't  recall  the  actual  temperatures,  (the  treatments  are  in  the  paper)  and  try 
as  we  may,  we  found  that  we  had  about  five  to  six  per  cent  retained  austenite  still  left. 

It  was  apparent  that  this  retained  austenite  was  quite  thermally  stable.  On  the  other 
hand,  the  points  that  1  would  like  to  make  are  the  adverse  effect  of  retained  austenite 
of  lowering  your  yield  strength  and  the  embrittling  effect  of  the  transformation  of  the 
retained  austenite  revealed  possibly  on  proof  testing.  Another  point  is  that  this  re¬ 
tained  austenite  is  quite  stress-sensitive,  so  that  a  very  small  strain  completely 
transforms  any  retained  austenite  that  you  might  have.  If  we  coiild  make  a  vessel  ther¬ 
mally  treated  to  get  rid  of  the  majority  of  retained  austenite  then  stress  this  to  a  few 
percent  strain  followed  by  a  subsequent  tempering  operation,  we  might  utilize  a  lowered 
tempering  temperature  and  a  higher  strength.  That  was  the  main  point  I  tried  to  get 
acros  s . 

R.  C.  Powell  We  have  not  observed  any  difficulties  with  the  H-11  five  percent 
chromium  steel  which  we  could  associate  with  retained  austenite.  The  double  tempering, 
particularly  beyond' the  peak  of  the  secondary  hardening  range,  seems  to  have  gotten  us 
beyond  any  point  where  we  would  have  difficulties.  One  analysis  where  we  have  seen  a 
retained  austenite  problem  in  sub-scale  pressure  vessels  has  been  with  300-M. 

J„  Hamaker  I  just  wanted  to  add  that  manufacturers  of  aircraft  components, 

including  primary  carry-through  structures,  landing  gear,  and  so  forth,  have  checked 
out  the  retained  austenite  content  of  H-ll  modified  and,  with  the  multiple  tempering 
that  you're  using,  find  less  than  1  percent  on  X-ray  studies.  That  is  even  after  temper¬ 
ing  at  1000  F  to  300,  000  psi  ultimate  strength. 
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Introduction 


An  urgent  need  to  Improve  technology  In  the  field  of  manufacturing 
from  high-strength  sheet  has  Inspired  much  new  experiment  and  development* 
One  result  has  been  a  more  or  less  parallel  surge  In  reports  and  paper- 
publlcatloni  particularly  over  the  past  two  years^  from  such  sources  as 
the  0MIC>  MAB,  various  symposia,  fracture  conferences,  and  society  meet¬ 
ings.  There  Is  no  question  about  the  value  of  this  output;  however  It 
might  be  weighed  and  criticized.  It  gives  a  rather  clear  picture  of 
interlocking  problem  areas  with  fabrication  scmewliere  near  the  middle, 
spilling  over  Into  others  that  the  Conference  will  consider* 

Many  different  kinds  of  deformation  processing.  Joining,  and  heat 
treatment  are  under  trial,  depending  upon  design,  materials,  and  con¬ 
victions  of  sponsoring  as  well  as  fabricating  groups*  Innovation  Is 
very  much  a  trademark  of  the  field,  which  Is  a  fact  made  plain  by  any 
sampling  of  activity  such  ast  the  shea*  spinning  of  a  metastable  phase, 
adhesives  Joining  or  pressure  welding  without  fusion.  Intentional 
decarburlzatlon  of  high  strength  steel,  nan-mechanical  machining,  etc* 

Fabrication,  or  processing  In  general,  has  two  broad  object  Ives t 
One  Is  to  change  a  material's  shape  so  as  to  meet  specified  size,  form, 
and  tolerance;  the  other  Is  to  regulate  material  composition  and  struc¬ 
ture  and  In  so  doing  to  control  properties  and  behavior*  An  over-all 
competitive  economy  Is  usually  a  related  objective*  But  there  are  at 
least  two  reasons  why  It  Is  somewhat  less  than  clear  how  to  make  an 
argument  here  for  economy  In  establishing  processing  programs:  These 
are  the  Initial  boundary  conditions  set  on  costs  In  budget  planning 
and  the  fact  that  performance  of  finished  devices  may  be  so  critical. 

The  key  problem  of  property  control  makes  It  essential  to  examine 
processes  first  for  effects  on  material  structure  and  general  behavior* 
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Obviously  the  shape-changing  objective  has  to  be  realized;  but  in  doing 
so,  service  behavior  ought  not  to  be  put  in  jeopardy,  and,  ideally,  there 
should  even  be  an  assist  towards  still  higher  performance.  Welding  is  of 
special  Interest  in  this  connection  for  the  welding  advocate  generally 
Includes  economy  in  his  argument.  Yet  welding  as  practiced  is  basically 
a  means  for  shape  control,  not  material  improvement;  and  it  does  introduce 
the  risk  of  structural  damage.  These  features,  both  strong  and  weak,  in 
the  case  for  welding  are  more  than  evident  and  give  good  incentive  to 
bolster  the  over-all  position  of  such  processing. 

Effects  of  Fabrication 

The  effects  of  processing  are  naturally  easier  to  state  than  their 
control.  Nevertheless  there  is  some  value  in  simply  collecting  effects 
into  three  broad  categories  to  show  that  in  most  cases  they  may  act 
through  changes  in: 

1.  Flaw  distribution 

2.  Fracture  toughness 

3.  Strength  level 

Fracture  Toughness;  The  idea  is  central  to  the  entire  range,  of 
problems  at  hand  and  is  now  under  almost  constant  discussion.  One  of 
the  basic  starting  points  In  this  whole  field  has  long  been  the  pos¬ 
sibility  of  fracture  because  a  crack  under  stress  acquires  a  critical 
length  at  which  it  propagates  rapidly  or  unstably  without  change  In 
stress.  This  length  becomes  smaller  as  stress  increases,  and  the 
Important  parameter  determining  the  stress: crack-length  relationship 
Is  fracture  toughness  (generally  designated  as  Gg  for  the  plane  stress 
case  of  a  thin  sheet  with  a  crack  through  the  thickness),  the  value 
of  the  fracture  toughness  Is  fixed  when  the  amount  of  stored-up  elastic 
strain  energy  drained  away  with  a  unit  of  crack  extension  just  matches 
what  is  needed  to  produce  the  new  crack  surface.  The  Important  detail 
Is  that  this  "sink"  for  the  stored  energy  consists  almost  entirely  of 
plastic-deformation  work  In  a  more-or-less  thin  volume  of  strained 
material  at  the  head  of  the  crack. 

The  conclusion  to  this  story,  which  has  been  told  so  many  times. 

Is  the  formula  In  the  Figure  giving  the  condition  for  unstable  growjth 
of  a  crack  of  length,  1,  In  a  material  with  Young's  modulus,  E,  under 
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a  mean  stress,  e.  For  all  of  its  retelling,  it  still  suggests  a  straight¬ 
forward  way  of  summing  up  interactions  among  problem  areas  of  fabrication, 
metallurgical  control,  inspection,  and  testing,  and  pointing  out,  as  well, 
the  effects  of  fabrication. 

A  Graphical  View  of  Fracture  Conditions;  The  relationship  between 
critical  crack  length  and  applied  stress  is  shown  schematically  for  dif¬ 
ferent  levels  of  fracture  toughness  in  the  Figure.  Curves  are  ended  on 
the  right  with  vertical  drops  when  the  yield  stress,  cfy,  is  reached,  if 
this  is  to  be  the  maximum  allowable  stress.  The  l-cr  coordinates  define 
an  "operating  point"  for  a  particular  region  in  a  device  that  is  cracked 
>  and  under  load;  location  of  this  point  relative  to  the  appropriate  G^. 

curve  for  the  region  indicates  something  about  how  imminent  fracture  may 
be.  Many  such  points  can  be  plotted,  of  course,  with  different  l-a-G^ 
combinations,  and  that  one  becomes  critical  which  first  satisfies  the 
instability  criterion. 

The  preferred  conditions  for  service  quite  clearly  are  high  Gq  and 
a  position  well  below  the  curve  as  far  to  the  right  as  allowed  by  Oy, 
which  al so  ought  to  be  high.  Arbitrary  specification  of  G^  is  obviously 
naive  since  its  control  remains  a  basic  materials  problem.  Influenced 
also  by  section  geometry.  There  are  other  factors,  too,  that  badly  com¬ 
plicate  such  a  simple  point  of  view.  Even  if  G^.  were  not  in  question, 
there  would  be  no  way  of  knowing  that  a  point  did  in  fact  lie  safely 
below  the  line  unless  crack  dimensions  were  also  known,  which  under¬ 
scores  the  inspection  problem.  In  addition,  G^  of  a  given  material  is 
likely  to  vary  with  strength  level,  dropping  more  or  less  rapidly  as 
Oy  increases;  this  compounds  the  problem  by  lowering  the  ceiling  on 
tolerable  flaw  size  still  further.  Since  there  are  practical  lower 
limits  to  the  length  of  crack  that  can  be  detected,  a  potential 
"fracture  area"  for  service  is  indicated  although  very  schematically. 

Any  Inspection  limit,  e.g.  the  horizontal  line,  bounds  this  area  at 
top;  the  lower  edge  lies  more  or  less  along  the  G,;  curve  and  may  be 
well  below  if  loading  history,  as  in  proof  testing,  causes  the  growth 
of  an  initially  subcritical  crack  into  one  that  will  run  unstably.  No 
such  area  is  to  be  found  only  for  material  "C"  since  now  Oy  is  reached, 
with  general  yielding,  above  the  limiting  line. 

Fabrication  effects  the  crack-length  coordinate  while  design  and 
service  conditions  fix  the  other  (a);  fabrication  further  effects  the 
important  boundary  conditions  of  fracture  toughness  and  strength  level. 
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The  direction  to  follow,  then,  is  evident  even  if  the  details  of  a  route 
are  not, 

1,  Fabrication  without  flaws  but  disposition  of  any  that 
cannot  be  avoided  in  such  a  v/ay  as  to  do  the  least 
harm, 

2,  Development  of  high  fracture  toughness  and  strength 
levels,  with  fabrication  being  practiced  ideally  so 
as  to  contribute  but  at  least  not  to  produce  any 
impairment . 

3,  Inspection  to  insure  that  operation  in  a  potential 
fracture  area  is  not  attempted. 

Some  Sources  of  Flav/s;  Something  of  a  semantics  problem  is  posed 
in  cataloguing  flaws.  Distinctions  tend  to  be  made  between  cracks, 
pores,  scratches,  grooves,  pits,  etc,,  while  origins  are  generally 
traced  to  transformation  and  thermal -stress  cracking  (as  in  welding  and 
heat  treating),  to  different  forms  of  surface  mutilation  (such  as  laps, 
tool  marks,  incipient  wrinkles  in  sheet  drawing,  weld-bead  discontinu¬ 
ities),  to  corrosion,  and  to  bulk  plastic  straining.  Some,  but  hardly 
all,  of  the  possible  v/ays  for  producing  such  flaws  are  understood  and 
have  been  discussed  at  length  many  times.  The  last  entry  in  this  list 
is  of  interest  for  it  seems  not  to  be  as  widely  recognized  as  others. 
Nonetheless,  it  is  well  established  that  plastic  deformation  at  any 
stage  of  processing  may  lead  to  a  breaking  up  of  brittle  components  of 
microstructure  and  separation  over  inclusion-matrix  interfaces  because 
of  a  weakness  at  these  places  coupled  with  the  dissimilar  plastic  prop¬ 
erties  of  the  phases  involved.' 

Some  Variables  Effecting  Fracture  Toughness;  There  should  be  some 
benefit  by  way  of  higher  fracture  toughness  in  a  large  plastic  "sink" 
around  the  crack  tip  into  which  stored  elastic  strain  energy  can  drain. 
The  capacity  of  this  "sink",  measured  in  terms  of  Gc;  can  be  Increased 
by  meeting  two  conditions: 

1.  Large  deformation  work  per  unit  volume,  which  would  be 
variable  throughout  the  total  volume  but  favored  by 
large  plastic  strain  and  high  flow  stress; 
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Large  total  plastic  volume 
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Fracture  with  lov/  energy  absorption,  or  lov/  fracture  toughness, 
could  be  expected  if  either  condition  is  not  satisfied,  A  sharp 
decrease  in  plastic  strain  because  of  a  basic  change  in  fracture 
mechanism,  e.g.  from  ductile  to  cleavage^  vA^uld  preclude  meeting  the 
first.  Also,  a  localization  of  strain,  even  if  the  strain  were  large, 
could  mean  small  total  volume  and  a  violation  of  the  second. 

Therefore,  a  material's  plastic  properties,  which  would  be  affected 
by  fabrication  history,  become  important  to  fracture-energy  absorption. 

In  particular,  a  higher  and  over-all  more  persistent  rate  of  strain 
hardening  (to  large  plastic  strain)  should  be  useful  because  then  plastic 
strain  ought  to  penetrate  deeper  into  material  at  the  crack  tip  to  give 
a  larger,  more  absorbent,  volume.?  Accordingly  it  might  be  profitable 
to  pay  more  attention  to  the  interrelationships  between  strain-hardening 
characteristics  and  structure,  particularly  at  high-strength  levels,  as 
these  are  Influenced  by  the  various  joining,  heat  treating,  and  deform¬ 
ation  processing  operations. 

When  the  stress-strain  curve  can  be  fitted  with  a  "power-lav^' 
equation,  the  exponent  is  a  good  indicator  of  how  rapidly  the  harden¬ 
ing  rate  falls  off  with  straining.  As  a  rough  approximation,  this 
strain-hardening  exponent  tends  to  decay  exponentially  with  rising 
strength  level,  so  that  hardening  rate  is  generally  found  to  drop 
rather  quickly  at  strength  levels  of  current  Interest.  The  implica¬ 
tion,  therefore,  is  that  attempts  at  control  would  probably  be  con¬ 
cerned  with  fairly  subtle  variations. 

Unfortunately,  there  have  been  many  examples  to  show  that 
welding  may  also  be  a  source  of  fracture-toughness  impairment.  A 
variety  of  structural  changes  can  be  responsible,  and  some  of  these 
are  sure  to  be  discussed  later  on.  Weld  strength  might  be  depressed 
because  of  enlarged  grain  size,  over-aging,  or  local  recrystal  1 Iza- 
tion,  perhaps  aggravated  by  an  accompanying  drop  in  fracture  strain 
from  segregation,  grain-boundary  film  formation,  aging  effects,  etc. 

Another  aspect  of  fracture  toughness  is  the  anisotropy  than  can 
be  found  in  high  strength  sheet.  Values  tend  to  be  larger  when 
cracking  occurs  across,  in  contrast  to  along,  a  well-defined  rolling 
direction,  and  in  some  cases  a  measurement  made  in  the  one  direction 
will  be  several  times  that  in  the  other.  Certainly  the  basic  reason 
is  structural  anisotropy  produced  by  the  earlier  processing.  There 
are  implications  in  its  presence  both  for  fabrication  and  for 
speculation  about  fracture  mechanism. 
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In  the  first  place,  it  may  be  a  factor  in  the  problem  of  correlating 
uniaxial -load  property  measurements  and  biaxial -stress  test  results.  De¬ 
pending  upon  stress  ratio,  various  fracture  paths  with  different  Gj.  values 
can  be  imagined  under  the  biaxial  loading,  so  that  there  would  be  value 
In  good  information  about  the  anisotropy  when  attempting  to  relate  working 
direction  to  service  loading. 

An  explanation  of  this  anisotropy  might  Include  several  structural 
details.  Two  of  particular  Interest  are,  first,  the  mechanical  fibering 
caused  by  alignment  through  prior  deformation  of  Inclusions,  extra  phases 
in  general,  unvyelded  cavities,  etc.,  and,  second,  the  texture  from  pre¬ 
ferred  crystallographic  orientation.  The  latter  is  known  to  effect 
plastic  flow  characteristics  while  mechanical  fibering  Is  associated  very 
closely  with  fracture.  From  considerable  work  on  the  ductile-brittle 
transition  In  low-carbon  steel.  It  also  seems  quite  clear  that  strong 
fracturing  anisotropy  —  whether  this  is  measured  In  terms  of  a  stress, 
fracture  strain  or  reduction  of  area  in  tension,  or  energy  absorption  In 
notched  specimens  —  is  encountered  when  fracture  occurs  by  a  non-cleav¬ 
age  mechanism. 3  The  implication,  then.  Is  that  a  mechanism  of  cleavage 
In  the  usual  crystallographic  sense  may  not  operate  at  very  high  strength 
levels  either,  even  though  energy  absorption  should  be  relatively  low, 
when  there  Is  a  pronounced  fracture-toughness  anisotropy. 

The  picture  has  a  certain  consistency.  If  fracture  toughness  Is 
related  to  plastic  properties.  It  ought  to  reflect  a  change  In  the 
strain  hardening  curve.  Such  a  change  could  be  related  In  turn  to  many 
things.  Including  texture  and  mechanical  fibering.  The  one  should  have 
greater  effect  on  the  over-all  curve  shape;  the  other  ought  to  be  much 
more  potent  In  acting  to  terminate  the  curve,  depending  upon  direction 
of  measurement,  and  thus  regulate  plastic  work  for  fracturing.  These 
are  simply  two  more  fabrication  variables,  and  their  development  is 
another  effect  that  might  be  brought  under  still  closer  control  and 
used  to  better  advantage.  One  possible,  even  unsuspected,  advantage 
may  be  found  at  the  moment  during  the  through-thickness  (plane  strain) 
propagation  of  a  small  crack;  It  could  be  argued  that  a  fiber  distributed 
In  the  plane  of  a  sheet  might  help  to  offset  the  basically  lower  fracture 
toughness  associated  with  this  condition  of  propagation. 

A  final  and  wel I -recognized  source  of  impairment  to  fracture  tough¬ 
ness  is  residual  stress,  whichever  one  of  many  possible  origins  it  might 
have.  These  would  Include  the  various  deformation  processes  (roll 
forming,  shear  spinning,  deep  drawing,  machining,  etc.),  heat  treatment, 
welding  (because  of  mismatch,  peaking,  etc.),  and  even  hydrogen  embrittle¬ 
ment  as  it  has  been  discussed  by  Shank,  et  al 


III-6 


Control  s 


The  real  difficulty  lies  In  the  next  and  obviously  necessary  step 
of  specifying  procedures  and  controls'  to  Insure  the  objectives  of  proper 
mechanical  form,  properties,  and  behavior. 

In  the  control  of  flaws,  of  all  kinds,  there  are  problems  attached 
to  every  approach.  In  deformation  processing,  any  strain-induced  poros¬ 
ity  may  be  countered  and  anisotropy  regulated  in  part  at  least  with 
cleaner,  more  homogeneous,  l.e.  vacuum  melted,  materials. 

However,  the  problems  facing  an  advocate  of  assembly  by  welding 
are  notoriously  severe.  Some  such  fabrication  may  be  essential  from 
a  practical  point  of  view,  but  It  still  has  Its  beginning  In  a  state 
that  must  never  be  allowed  to  recur  and  that  Is  one  of  loose  pleces| 
all  of  which  vaguely  suggests  what  faced  the  king's  horses  and  men  In 
the  Humpty  Dumpty  story.  Ideas  about  how  to  improve  this  position  by 
operating  on  fusion  and  heat-affected  zones,  thermal  history,  design 
of  filler  material,  etc.  can  be  anticipated  In  what  follows. 

To  meet  such  problems,  there  Is  the  much  discussed  trend  in 
jtnotor- casing  design,  as  the  example  of  the  minute,  away  from  welds 
)in  highly  stressed  locations.  Current  practices  on  newer  designs 
are  being  developed  around  deformation  processes  such  as  forging, 
shear  spinning  and  deep  drawing.  The  more  highly  stressed 
(longitudinal)  welds  are  eliminated  and,  with  machining,  bosses 
and  skirts  may  be  made  Integral.  Still  other  developments  in 
progress  based  on  deep  drawing  and  shear  spinning,  or  flowturning, 
are  aimed  at  fully  Integral  cases.  A  somewhat  different  viewpoint 
Is  held  by  devotees  of  wrap  processes.  Now  circumferential  joints 
would  be  basic  to  design  but  made  innocuous  with  sufficient  overlap 
and  some  method  of  joining  such  as  reslrtance  welding,  adhesive 
bonding,  brazing,  or  even  mechanical  Interlocking.  A  potential 
advantage  Is  coii;;t ruction  from  thin,  narrow,  strip  with  the  hlgh- 
toughness  direction  strategically  disposed  and  possibly  strengthened 
(if  steel)  through  some  thermal -mechanical  process  such  as  "ausforming" 
(or,  what  Is  probably  very  similar,  low  temperature  rolling  of  metasta¬ 
ble  austenitic  steel).  It  Is  interesting  to  note  that  a  closely  similar 
design  based  on  wrapped  sheet  metal  was  tried  about  100  years  ago  for 
the  somewhat  lower  pressure  application  of  black-powder  cartridge  cases. ^ 


Each  approach  can  be  characterized  in  much  greater  detail  by  its  own 
particular  set  of  problems  such  as  tolerance  control ,  forming  limits, 
machining  requirements,  welding  set-up  and  processing  costs.  Competetlve 
positions  are  strongly  influenced  by  the  interactions  at  this  level,  but 
they  are  Issues  that  could  hardly  be  brought  up  in  detail  here. 

In  regulating  fracture-toughness  and  strength-level,  the  basic  con¬ 
cern  is  with  structure  and  chemistry*  Weld-zone  microstructure  and 
composition;  surface  carburization  or  decarburization,  retained  austenite, 
temper  embrittlement  after  heat  treatmont;  uniformity  of  initial  micro¬ 
structure  as  it  influences  response  to  heat  treatment;  structures  from 
cold  or  "warirf*  working  operations  to  produce  strengthening  —  all  of  these 
fit  in  here. 

The  broad  practical  goals  to  be  reached  have  been  identified  many 
times:  great  strength  with  light  weight  and  high  fracture  toughness. 

The  major  problem  areas  where  the  interference  originates  are  at  least 
roughly  mapped  out.  Interlocking  is  clear  and  one  area  well  surrounded 
by  others  is  fabrication.  Its  peculiar  importance  rests  on  a  potential 
for  action  in  two  rather  different  ways:  with  control  it  can  assist, 
yet  without  control  it  may  seriously  impair  progress  towards  these  goals. 
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A  report  ie  prasantad  of  tha  daelgn^  fabrication,  and  testing  of  full 
scale  (40  in.  dlaaatar,  6  ft.  long)  solid  fuel  rocket  motor  eases 
capable  of  operation  at  240,000  psl  tangential  stress.  An  H-U  con- 
sutrode  Tacuun  renalted  steel,  hardened  to  270,000  psl  tensile  strength, 
was  eaployed.  Failure,  originating  in  parent  material,  of  a  full  scale 
motor  case,  and  subsequent  investigation  shewed  that  water  used  in 
hgrdrostatle  testing  can  Initiate  hydrogen  induced  fracture.  To  sub¬ 
stantiate  this  conclusion,  characteristics  of  this  mods  of  failure  are 
eontrasted  with  characteristics  produced  in  experiments  dealing  with 
stress  oorroslon. 

The  Mrits  of  partial  decarburisation  as  a  surface  treatment  are  dis¬ 
cussed.  It  is  concluded  that  flo-tumed  rocket  motor  eases  of  H-U  to 
operate  at  stress  levels  of  240,000  psi  are  both  feasible  and  practical. 
As  a  demonstration  of  feasibillt7,  070II0  tests  to  220,000  and  240,000 
psl  were  performed  on  two  full  scale  cases,  using  oil  as  the  pressurising 
fluid.  These  motor  eases  not  only  retained  their  Integri^,  but  in 
addition  suffered  no  perceptible  yielding. 
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INTRODUCTION 


The  effect  of  fabrication  variables  upon  the  performance  of  sheet  materials  used  in 
pressure  vessels  Is  effectively  Illustrated  by  data  obtained  during  the  course  of 
rocket  motor  case  development  and  production  at  the  author's  eoiq^any.  The  data  re¬ 
duced  to  siBg)lest  terns  is  presented  as  Figure  1,  which  shears  the  relationship  of 
pressure  vessel  burst  strength  to  the  uniaxial  0,2%  offset  yield  strength  of  the 
material  involved.  This  method  of  presentation  is  chosen  because  it  gives  quanti¬ 
tative  information  concerning  thd  loss  in  strength  due  to  fabrication  variables, 
and  it  shears  that  deterioration  in  pressure  vessel  performance  need  not  occur  ae- 
cogg>anylng  a  material  yield  strength  increase  from  the  200,000  psi  range  to  a  level 
of  240,000  psi.  A  break  in  slope  aro^md  200,000  psi  and  a  premature  failure  branch 
have  been  recognised  by  G.  R.  I^in(l)  and  others  as  associated  with  Icar  fracture 
toughness.  While  there  is  no  disagreement  with  this  insight  into  the  problem.  Figure 
1  enphasiies  that  low  fractium  toue^ness  Is  not  apparent  in  pressure  vessel  burst 
strength  performance  except  as  fabrication  defects  or  phenomena  such  as  hydrogen 
embrittlement  are  also  present.  Failures  on  the  lower  branch  to  the  right  of  the 
peak  must  be  termed  premature,  while  failures  on  the  upper  branch  represent  material 
capability. 

Premature  failures  may  be  divided  into  two  categories  according  to  whether  the  fail¬ 
ure  is  tims  dependent  or  occurs  immediately  iq>on  application  of  pressure.  If  failure 
occurs  prematurely  and  without  delay,  then  a  defect  of  critical  prc^portlons  must 
have  existed  in  tbs  vessel  as  manufactured.  A  method  of  dealing  with  surface  defects 
will  be  discussed.  Tims  dependent  failures  and  their  prevention  will  also  bo  dis¬ 
cussed. 

The  burst  test  results  constituting  the  igpper  branch  curve  in  Figure  1  were  obtained 
subsequent  to  the  investigations  described  in  the  present  paper.  The  eonslstenoy 
of  results  from  cases  tempered  to  the  same  strength  level  is  noteworthy  as  is  the 
fact  that  failure  stress  increased  steadily  with  increase  in  uniaxial  yield  strength 
level  over  the  range  covered  by  the  data. 

DESIGN.  MATBltlAL.  AND  FABRICATION 

Figure  2  shows  Um  various  portions  of  the  full  slse  easing  before  assenbly.  The 
main  longitudinal  section  Is  seamless,  having  been  flowturned  into  a  cylinder  from 
a  solid  seamless  ring  forging  of  the  same  internal  diameter.  The  ellipsoidal  head 
on  the  right  of  the  photograph  has  been  machined  from  a  forging  and  the  base  of  the 
attachment  skirt  is  integral  with  it.  The  left-hand  closure  in  Figure  2  is  forged 
and  machined  out  of  a  single  piece.  The  largo  closure  flange  (see  left  side  of 
Figure  2)  is  integral  with  this  ellipsoidal  head.  Only  girth  welds  are  nsedsd  to 
assemble  these  details  into  cases  approxlnately  40  inches  in  diameter  and  6  feet 
long. 

Following  the  decisions  concerning  the  basic  design  criteria  for  the  vessel  con¬ 
siderable  thought  was  given  to  the  choice  of  material  from  which  to  manufacture  it. 

On  the  basis  of  information  concerning  strength,  ductility,  and  t  outness  then 
available,  as  well  as  ease  of  fabrication,  an  H-U  cong>oeitlon  was  chosen.  H-11 
material  is  essentially  a  S%  Cr  toolsteel  with  0,42%  C,  0.29^  Na,  0,96;{  Si,  5.17;t 
Or,  1  ,ZS%  Mo,  and  0.52)(  V.  In  order  to  get  tho  cleanest  and  highest  quality  i«terial 
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possible,  consutrode  remelted  stock  wss  employed.  One  of  the  msjor  factors  in 
picking  an  H-11  steel  was  the  success  achieved  in  a  pilot  series  of  pressure  vessels 
9,5  in,  in  diameter  and  approximately  14  in.  long,  >rtth  wall  thicknesses  in  the 
cylindrical  portion  of  approximately  0.040  in.  The  cylindrical  portion  consisted 
of  two  sections  integral  with  hemispherical  heads.  They  were  hydroformed  and  had 
no  longitudinal  welded  seam.  The  two  halves  were  joined  with  a  girth  weld.  Fail¬ 
ures  originating  at  welds  were  encountered  in  hydrostatic  tests  of  some  of  the 
earlier  test  vessels.  These  difficulties  were  corrected. 

Another  series  of  vessels  failed  at  very  high  stress  levels  with  the  origins  of  fail¬ 
ure  being  in  no  way  connected  with  welds,  but  rather  being  in  the  parent  metal. 

Figure  S  shows  a  subscale  vessel  after  failure.  The  fracture  origin  indicated  by 
the  arrow  is  in  parent  metal  1.50  in.  from  the  circumferential  closure  weld. 

TBST  OF  EXPERIMENTAL  FULL  SCAIE  CASE 


The  vessel  had  been  designed  for  a  material  with  a  minimum  yield  strength  level  of 
235,000  psi  and  a  tensile  strength  of  270,000  psi  nominal.  Following  manufacture 
the  vessel  was  set  up  in  a  test  rig  and  hydrostatically  tested,  using  water  as  the 
fluid,  at  a  ten?3erature  of  70*F.  It  was  tested  in  successive  steps  over  a  period 
of  one  hour  to  a  maxlnmm  wall  stress  of  46,200  psi  in  a  tangential  direction. 

Several  days  later  it  was  filled  with  glycerine  which  had  been  heated  to  a  ten5)era- 
ture  of  S60*F.  The  hot  glycerine  was  en^sloyed  because  there  was  at  that  time  a 
specification  requiring  a  360*F  test.  Stress  was  held  at  188,000  psi  for  a  period 
of  three  minutes.  Finally,  several  months  later,  a  third  series  of  tests  was  per¬ 
formed  at  room  ten^ierature,  again  employring  water  as  the  hydrostatic  fluid.  Tests 
wore  successfully  performed  at  stress  levels  of  61,700  psi,  154,000  psi,  and  216,000 
psi.  As  the  fourth  test  in  this  series  was  being  run  to  reach  a  stress  level  of 
220,000  pal,  premature  fracture  occurred  when  the  vessel  had  reached  only  185,000 
psi.  This  was  considerably  lower  than  the  previous  successful  test.  Catastrophic 
failure  occurred,  with  the  shattering  results  shewn  in  Figure  4.  The  water  had  been 
in  the  vessel  57  minutes  in  this  final  test  series, 

INVESTIGATION  OF  FAILURE 


An  investigation  was  immediately  started  to  determine  why  the  vessel,  having  survived 
previous  tests  at  higher  stress  levels,  had  failed  at  a  level  of  185,000  lbs.  per 
square  inch  tangential  stress  in  the  cylindrical  portion.  As  a  first  step  in  the 
investigation  the  pieces  were  reassembled.  Examination  of  the  many  feet  of  fracture 
surface  showed  that  chevron  or  herringbone  markings,  usually  found  in  b]^ttle  fail¬ 
ures  of  carbon  plate  steel  structures  at  relatively  low  stress  levels^®^,  were 
present  in  the  casing.  The  apices  pointed  back  to  the  direction  from  which  the 
failure  had  come.  While  the  crack  pattern  was  very  coiq>lex,  it  was  clear  that  all 
markings  led  back  to  a  single  origin  of  fracture  as  shown  in  Figure  5.  The  origin 
was  clearly  shown  to  be  in  a  pit  in  the  inner  cylindrical  surface.  This  pit  was 
one  of  many  in  a  small  area  which  had  been  ground  superficially  to  remove  a  slight 
defect.  Fracture  maiklngs  fanned  out  from  this  pit  in  both  directions,  as  shown 
in  Figure  6.  It  was  also  noted  that  h  shear  lip  was  present  along  the  edges  of  the 
fracture  except  at  the  pit.  These  last  two  features  are  typical  of  catastrophic 
brittle  failures  at  much  lower  stress  levels  and  in  much  softer  materials. 
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standard  tensile  tests  vere  perfonasd  on  speclmsns  machined  from  the  fragments  In  the 
axial  direction  of  the  cylinder.  It  was  seen  that  the  tensile  strength  was  someidiat 
over  270,000  psl  and  the  yield  strength  at  0,2%  offset  was  256,000  psl  in  one  case 
and  240,000  in  another.  Obviously,  than,  the  general  structure  of  the  vessel  had 
adequate  strength  to  withstand  hypostatic  tests  of  greater  pressures  than  were  eH> 
ployed  at  or  before  the  tins  of  failure. 

EFFECT  OF  PARTIAL  DECARBURIZATION 

In  the  course  of  the  failure  investigation  evidence  of  the  advantage  of  partial  sur¬ 
face  decarburization  was  brought  to  light  (Figure  7).  On  the  left  is  a  view  of  a 
plane  parallel  to  the  inner  surface  of  the  vessel  which  exhibited  a  superficial  defect 
at  this  location.  The  inset  shows  a  right  section  throu^  a  portion  of  the  defect. 

Of  pairtlcular  Interest  is  the  lighter  colored  beach-like  area,  which  is  the  zone  of 
Intentional  partial  decarburization.  It  is  noteworthy  that  this  zone  encases  the 
tip  of  the  lap,  thereby  constituting  a  barrier  to  the  progress  of  the  fissure  into 
and  through  the  high  strength  core  material  that  lies  beyond.  The  results  of  bend 
tests  of  H-U  material,  at  this  strength  level  had  shown  dramatic  iig>rovemsnt  due  to 
decarburization,  which  led  to  this  treatment  for  the  case. 

THE  EFFECT  OF  HYDROQBM  IK  STEEL 

At  this  point  it  would  be  well  to  discuss  sons  of  the  recent  research  work  that  has 
been  carried  on  concerning  the  nature  of  hydrogen  embrlttlemsnt,  cracking,  and  delayed 
failure  in  steel.  Much  work  has  been  perfomed  in  this  area  in  recent  years.  Some 
of  the  moat  sigMflcant  has  been  carried  out  by  Trolano^^*'^)  and  his  co^orkers  and 
by  Sacha. No  coiq>late  review  of  theories  of  hydrogen  embrlttlsasnt  and  assoc¬ 
iated  delayed  failure  will  be  attainted  here.  For  such  a  review  the  reader  is  referred 
to  References  2,  5,  and  11.  Theoretical  and  experimental  developments  pertinent  to 
the  present  problem,  however,  will  be  briefly  covered. 

It  has  long  been  known  that  if  speclmene  containing  small  amounts  of  hydrogen  in 
solution  are  tested  by  conventional  methods  they  may  display  the  nomael  properties 
of  strength  and  ductility.  let  delayed  failure  in  the  sane  material  will  occur  under 
long  time  loading  in  the  presence  of  a  stress  concentration.  If  the  delayed  failure 
tests  are  performed  for  a  steel  of  given  tensile  strength  (as  measured  in  smooth 
specimens)  with  fixed  concentration  of  hydrogen  in  solution  and  fixmd  notch  acuity 
of  the  test  specimen,  three  characteristics  are  revealed.  First,  there  is  an  upper 
stress  level  corresponding  to  the  notch  tensile  strength  of  the  material  for  short- 
time  loading.  Second,  there  is  a  static  fatigue  or  lower  limit  of  stress  below  which 
failure  will  not  occur  in  any  length  of  time.  Thi^,  there  is  an  intermediate  range 
of  stress  over  which  delayed  failure  takes  place(5).  These  features  are  shewn  in 
Figure  8,  which  is  after  Troiano(5).  It  has  been  further  demonstrated  that  under 
stress  in  the  presence  of  a  stress  concentration  such  as  a  notch  or  void  hydrogen 
will  diffuse  to  the  point  of  maxiimim  trlaxlality  of  stress.  Thus  the  process  involved 
is  not  one  of  classical  diffusion,  but  rather  diffusion  in  the  presence  of  a  stress 
gradient.  For  a  sharply  notched  specimen  the  point  of  maxinum  trlaxlality  lies  close 
to  the  surface  near  the  root  of  the  notch.  For  rounded  notches  the  point  of  maximum 
trlaxlality  of  stress  lies  increasingly  away  from  the  surface  of  the  stress  concentra¬ 
tion.  After  the  period  of  incubation  the  crack  Initiates  at  this  point  and  propagates 
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both  outward  to  the  surface  of  the  stress  concentration  and  Inward.  This  is  shewn 
In  Figure  9, 

WATER  AS  A  CAUSE  OF  FAILURE  DURINQ  HYDROTEST 


As  stated  earlier,  all  cracks  were  traced  to  a  single  origin  and  at  this  location 
there  were  a  number  of  corrosion  pits.  (See  Figure  10.)  An  edge  of  one  of  these  is 
shown  highly  magnified  at  the  left  hand  edge  of  Figure  11.  In  this  photograph  also 
are  cracks  which  can  be  presumed  to  resemble  the  one  that  reached  critical  size  and 
led  to  catastrophic  failure.  One  crack,  marked  by  an  arrow,  clearly  extends  into 
the  pit  itself.  However,  the  portion  of  this  crack  that  is  most  widely  opened  is 
somewhat  removed  from  the  pit  surface.  The  portion  of  the  crack  that  extends  into 
the  pit  surface  is  rather  narrow.  Just  above  this  there  is  another  crack  which  does 
not  open  into  the  pit  surface.  At  500  diameters  the  con^aratlvely  large  crack  is 
seen  to  be  separated  from  the  pit  by  about  0,005  in.  The  adjacent  crack  is  connected 
with  the  pit  by  a  uarrow,  discontinuous  region.  Ths  more  open  portion  of  the  crack 
is  separated  from  the  pit  surface  by  about  O.OOS  in.  The  features  described  are 
typical  of  the  pitted  regions  in  the  large  fractured  easing.  They  are  also  very 
sljd.lar  to  those  taken  from  the  ej^rimental  work  of  Trolano. 

The  role  poetulated  for  the  water  was  two>fold.  First,  it  provided  the  pit  which 
in  turn  provided  the  essential  trlsoiallty  of  stress;  and,  second,  it  was  a  medium 
for  electrolysis  which  released  ths  essential  hydrogen.  A  more  conflate  discussion 
of  the  latter  effect  may  be  found  in  Referencs  12. 

A  program  of  investigation  to  support  or  refute  the  hypothesis  was  immediately 
launched.  Six  sub-sised  test  vessels  exactly  like  those  previously  employed  were 
manufactured  for  testing.  Again  the  material  was  H-U  analysis,  but  air  melted 
stock.  The  hydrogen  content  was  l.S  1  0.1  parts  per  million  prior  to  fabrication 
of  the  small  vessels.  Heat  treat  and  fabrication  procedures  were  as  used  in  the 
large  easing. 

itydrostatle  testa  were  run  on  each  of  these  vessels.  Ths  details  are  given  in  Table 
I.  The  first  in  the  series.  Vessel  No,  14,  was  stressed  tangentially  at  the  thin¬ 
nest  section  of  the  wall  to  201,500  psi  for  60  minutes  and  224,000  psl  for  55  minutes, 
at  the  end  of  which  tlms  it  fractured.  The  origin  of  falltnre  was  on  the  inside 
cylindrical  surface  about  1-1/2  inches  from  the  central  girth  weld.  The  origin  was 
in  parent  metal.  The  pressurising  fluid  had  been  water.  Examination  of  the  origin 
showed  a  dark  area  which  extended  into  the  thickness  of  the  material  about  one- 
(piarter  of  its  thickness,  or  rouj^ly  about  0.010  inch.  Chevron  markings  ware  developed 
away  from  the  point  of  origin  and  a  shear  lip  was  present  everywhere  except  at  the 
point  of  origin.  The  fracture  is  sham  in  Figure  12.  The  darker  area  at  the  origin 
is  typical  of  hydrogen-initiated  failures.  It  is  well  illustrated  in  References  6 
and  11,  It  is  caused  by  the  fact  that  slow,  hydrogen-induced  crack  propagation  has 
a  finer  texture  than  the  surrounding  fracture  area  which  propagates  at  high  velocity. 

The  second  vessel  in  the  series.  No.  15,  was  also  pressurised  with  water.  It  was 
loaded  seven  successive  tlmss  at  different  stress  levels  and  for  different  times, 
as  indicated  in  Table  I.  The  fractured  vessel  was  shown  reassembled  in  Figure  5 


and  the  surface  of  fracture  Is  shewn  in  Figure  12.  It  will  be  seen  that  the  origin 
of  fracture  was  sons  distance  remored  free  the  welded  Joint  and  was  in  the  parent 
metal.  Again,  the  daxic  area  typical  of  hydrogen-induced  fracture  was  present.  A 
third  vessel.  No.  16,  was  also  pressurised  with  water.  It  carried  a  sustained  tangen¬ 
tial  wall  stress  of  255,000  psi  for  840  minutes.  Following  this  it  was  loaded  to 
256,000  pel  tangential  wall  stress  for  155  minutes,  whereupon  it  fractured.  Again, 
the  origin  of  fracture  was  in  the  parent  mstal  at  a  point  removed  by  about  1-1/2 
inches  from  the  circumferential  weld.  As  shewn  in  Figure  12,  there  was  also  the  dark 
area  at  the  origin,  indleating  fracture  originating  from  hydrogen.  Shear  lips  appear 
along  the  edges  of  fracture  except  at  the  origin. 

The  next  vessel  to  be  tested.  No.  21,  was  coated  inside  with  Ochre  Hereside  primer 
(AMS  5108)  to  protect  it  from  electrolytic  attack  by  the  water.  It  sustained  a 
maximum  tangential  stress  of  241,000  psi  in  the  cylindrical  portion  for  810  minutes. 
Following  this  it  carried  a  stress  of  262,000  psi  for  one  minute  before  fracturing. 

The  fracture  orlgiuted  in  parent  metal  on  the  inside  surface  about  1-7/8  inches 
from  a  weld,  Ths  area  containing  the  origin  of  fracture  was  badly  bulged  (see  Figure 
15).  It  will  be  noted  that  there  is  no  discolored  area  at  the  origin  of  fracture, 
and  in  fast  the  fracture  origin  has  a  shear  lip  running  alongside  it,  indleating 
that  fracture  must  have  initiated  beneath  the  surface,  probably  at  some  sort  of  in¬ 
clusion.  Analysis  of  the  material  for  hydrogen  content  indicated  that  it  contained 
5.2  parts  per  million.  Subsequent  check  of  the  hardness  of  vessel  No.  21  showed  it 
to  be  Re55,  indicating  that  it  had  been  inadvertently  teiqpered  at  too  low  a  taaqpera- 
ture,  probably  950*  -  1000*F.  All  other  vessels  had  a  hardness  of  Rg  50-51.  This 
would  indicate  vessel  No.  21  to  have  a  higher  tendency  to  crack  initiation  trem 
mechanical.  cansea(18)  auch  as  inclusions. 

The  fifth  vessel  in  the  series  to  be  tested.  Mo.  22,  was  again  coated  on  the  inside 
with  prlrnsr.  The  pressurlilng  medium  was  water.  However,  in  this  test  the  vessel 
itself  was  submerged  in  a  water  bath  with  the  outside  unprotected.  It  sustained  a 
maximum  tangential  stress  in  the  cylindrical  portion  of  218,000  psi  for  870  minutes 
and  of  240,000  psi  for  75  minutes,  following  which  it  fractured.  The  origin  of 
fracture  was  in  the  parent  metal  2-7/8  inches  from  the  weld.  It  is  of  the  greatest 
significance  that  the  fracture  originated  on  the  outside  surface  of  the  vessel, 
which  was  sulmurged  in  water  and  unprotected.  As  seen  in  Figure  14,  there  is  the 
dark  area  typical  of  hydrogen-induced  fracture  at  the  origin.  There  is  also  a 
relatively  smooth  pit  at  the  origin  about  0.0025  inches  deep.  The  average  hydrogen 
content  of  the  steel  was  found  to  be  2.0  parts  per  million. 

The  final  vessel  in  the  series.  No.  25,  was  coated  both  inside  and  outside  with 
primer.  It  was  cycled  four  times  for  three  minutes  each  time  to  264,000  psi  with 
water  as  the  pressurising  medium  and  a  water  bath  on  the  outside.  Follcwlng  this 
it  was  held  at  264,000  psi  for  585  minutes.  It  was  then  held  at  264,000  psi  for 
240  sdnutes,  at  275,000  pel  for  525  minutes,  and  again  at  275,000  psi  for  155 
minutes  with  rest  periods.  See  Table  I.  After  this  the  water  was  removed  from 
both  ln.vlde  and  outside  and  it  was  pressurised  with  oil.  It  was  held  at  275,000 
psi  for  455  minutes.  Following  this  the  pressure  was  increased  each  hour  in  steps 
over  a  period  of  810  minutes.  Failure  occurred  at  518,000  psi  after  45  minutes  at 
this  stress  level.  Ths  fracture  surface  is  shown  in  Figure  15.  Interestingly 


enough,  the  mode  of  failure  through  the  cylindrical  section  was  largely  shear, 
except  for  a  small  tensile  progression  at  the  failure  origin.  There  was  no  evidence 
of  a  discolored  area  at  the  failure  origin,  indicating  that  the  failure  had  not 
been  hydrogen-induced.  See  Figure  IS, 

The  results  of  the  foregoing  delayed  failure  tests  are  recapitulated  in  Figure  16, 
Here  the  average  local  stress  level  at  the  failure  origin  in  each  case  is  plotted 
against  the  time  to  fracture.  The  local  stress  level  was  determined  on  the  basis 
of  the  thickness  of  material  at  the  fracture  origin.  The  vessels  had  a  slightly 
uneven  thickness  in  the  cylindrical  portion.  The  fracture  origin  in  no  case  occurred 
at  the  point  of  thinnest  section.  It  is  the  maximum  tangential  stresses  at  the 
point  of  thinnest  section  that  are  reported  in  Table  I.  Because  of  this  difference 
the  stresses  in  Figure  16  are  slightly  less  in  value  than  those  appearing  in  Table 
I.  The  fact  that  the  fracture  origin  in  the  small  vessels  was  usually  between  one 
and  two  inches  from  the  weld  ie  Indicative  of  secondary  bending  stresses  caused  by 
weld  thickening.  The  actual  stress  here  may  therefore  be  higher  than  is  indicated 
by  Figure  16.  None  of  the  fracture  origins  was  in  a  heat-affected  zone. 

TESTS  OF  ADDITIONAL  FULL  SCAIE  ROCKET  CASINGS 


Folloring  the  conflation  of  the  foregoing  series  of  tests,  two  full  size  solid  fuel 
rocket  casings,  as  shown  in  Figure  2,  were  hydrostatically  tested.  The  pressurizing 
fluid  employed  was  oil.  They  ware  cycled  four  times  from  zero  stress  to  a  tangential 
stress  level  of  220,000  psi  and  held  S  minutes  in  each  cycle.  They  were  than  cycled 
four  times  to  a  stress  level  of  240,000  psi  and  held  for  S  minutes  in  each  cycle. 

The  vessels  retained  their  Integrity  and  subsequent  detailed  examination  shomd  that 
they  had  suffered  no  damage. 

DISCUSSION  AND  CONCLUSIONS 


In  the  tests  of  the  full  size  and  sub-size  vessels  two  facts  are  clear.  First,  if 
a  vessel  is.  free  of  fabrication  defects  failure  can  be  induced  at  high  tangential 
stresses  in  the  parent  metal  of  the  cylindrical  section  away  tron  weld  areas  and 
changes  of  contour,  providing  the  metal  is  not  allcwed  to  com  in  contact  with  an 
electrolytic  solution.  This  is  seen  in  test  vessels  No.  21  and  25,  protected  from 
electrolytic  action.  The  stress  levels  at  which  they  failed  were  higher  than  any 
of  those  in  vessels  No.  14,  IS,  16,  and  22  which  were  exposed  to  water  during  test¬ 
ing.  Second,  it  is  possible  to  transfer  the  origin  of  the  fracture  from  the  inside 
to  the  outside  surface,  as  in  Vessel  No.  22,  by  protecting  the  inside  and  exposing 
the  outside  to  an  electrolytic  solution,  even  though  it  be  a  weak  electrolyte  such 
as  tap  water.  This  argument  is  reinforced  by  the  appearance  of  the  fracture  origins. 
In  the  vessels  exposed  to  an  electrolyte  the  origins  showed  the  local  darkening 
typical  of  hydrogen  induced  failures.  In  the  protected  vessels.  No.  21  and  25,  there 
was  no  evidence  of  this.  In  the  case  of  No.  21  the  fact  that  the  shear  lip  is  present 
alongside  the  origin  demonstrated  that  the  failure  was  subsurface  in  origin  and 
therefore  could  not  be  connected  with  electrolytic  action. 


Stress  corrosion  cracking  also  is  a  possible  causa  of  delayed  failure,  but  in  the 
instances  cited  there  is  ample  evidence  to  indicate  hydrogen  embrittlement.  When 
hydrogen  embrittlement  is  not  a  factor,  streas  corrosion  in  martensitic  steels  is 
predominantly  intergranular  in  character  (14,  15).  The  failures  Induced  during 
hydrostatic  testing  were  characterised  by  a  sons  of  slow  crack  propagation  exhibit* 
Ing  a  dark  appearance  attributable  to  the  fine  texture  of  transgranular  progression. 
This  feature  is  therefore  Indicative  of  hydrogen  eid)rittlsnent. 

When  hydrogen  embrittlement  is  not  a  factor,  stress  corrosion  in  martensitic  steels 
is  commonly  characterized  by  a  many*branched  system  of  cracks  (14,  15).  On  the 
other  hand,  when  heavy  cathodic  charging  is  introduced  into  the  experiments,  hydrogen 
embrittlensnt  predominates  and  branching  disappears  (15).  The  absence  of  branching 
in  the  failures  encountered  in  the  present  woric  would  therefore  indicate  involvement 
with  hydrogen  embrittlement. 

While  not  conclusive,  the  observed  tendency  for  cracks  to  originate  a\  a  definite 
d5  stance  ^om  pits'  is  a  further  indication  of  hydrogen  embrittlement  as  shown  by 
Tiolano(5)  and  discussed  heretofore  in  the  present  paper. 

The  conclusions  drawn  as  a  result  of  these  investigations  may  be  suzmarised  as 
follows  I 

1.  In  the  absence  of  avoidable  defects,  burst  strengths  in  excess 
of  500,000  pel  can  be  attained  consistently  using  material  heat 
treated  to  240,000  psi  yield  strength. 

2.  {(ydrogen  embrittlement  can  lower  the  burst  strength  by  150,000 
psi  or  more  owing  to  the  low  fracture  toughness  of  the  material. 

5.  Any  crack  of  the  same  sise  and  orientation  as  the  hydrogen  induced 
crack  would  be  equally  damaging. 

4.  I(ydrotestlng  with  oil  is  an  effective  preventative  measure  against 
hydrogen  embrittlement  provided  the  motor  ease  Is  not  loaded  with 
hydrogen  prior  to  hydrotest. 

5.  Surface  decarburisatlon  is  effective  as  a  means  of  preventing  the 
catastrophic  spread  of  certain  classes  of  defects. 
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thinnest  wall  section  of  cylinder. 
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♦♦Initial  stock  contained  1.  3  ppm  of  hydrogen  prior  to  fabrication. 
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FIG.  2 
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Fig.  3 


igrits  used  to  hold  them  in  position  for  the  photograph. 


US Ion  weld 


*  V 


Jt 


; 


sc^jf 


'fV;  .c‘ 


W 


■f^*. 


'4U*f 


■^*.yn  * 


'!  -  ■' 

,',  ■}“'  ry*';,-',  j 


Fig.T—Section  Parallel  to  Inner  Surface  of  Fractured  Full-Scale  Rocket 
Casing.  Defect  indicated  by  magnetic  particle  inspection  following 
failure  is  shown.  Direction  of  material  movement  in  flow- turning  is 
shown  by  arrow.  Defect  has  the  appearance  of  being  a  lao  formed  in  the 
surface  in  the  metal  forming  process.  Onetched.  75  X.  Inset  shows 
transverse  section  of  similar  defect  at  500  X,  nital  etch.  Depth  of 
this  defect  is  about  0.006  in.  Decarburization  Indicates  that  the 
defect  was  present  prior  to  completion  of  manufacture. 
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static  Fatigue  Curves  for  Hydrogenated  High  Strength  Steel 
Specimens  Tested  at  Various  Ten^>eratureB  as  Indicated.  The 
specimens  vere  cylindrical  and  contained  6haii>  notches.  The 
material  vas  AISI  aircraft  quality  steel  heat  treated  to 
a  smooth  tensile  strength  of  230,000  psl.  After  Troiano^^^. 
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FIG.  9 


Inward  to  the  interior  of  the  specimen. 
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Fig.  13 
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Fig.  M 


typical  of  hydrogen  induced  fracture.  There  is  a  pit  at  the  point  of 
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Fjg.  15 


that  fracture  had  not  been  hydrogen  induced.  lOX. 
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Fig.  I( 


effects  of  forming 


INTHODUCTION 


Generally,  materials  are  developed  and  manufactured  to  achieve  the 
desired  strength  and  ductility  vdth  a  minimum  of  attention  to  the  re¬ 
quirements  for  processing.  The  material  manufacturers  usually  assert 
that  fabrication  processes  are  diversified,  that  it  would  be  impossible 
to  anticipate  all  fabrication  factors  influencing  the  mechanical  and 
metallurgical  behavior. 

Recognition  of  this  fact  necessitates  that  the  fabricator  explore 
the  effects  of  various  fabrication  techniques  to  justify  the  practices, 
determine  the  results  obtained  and  establish  processing  precautions  and 
criteria  for  material  selection.  This  is  especially  significant  in  the 
missile  industry  which  employs  now  materials  and  processes.  The  per¬ 
formance  requirements  of  high  strength-weight  ratio  motor  cases  demands 
material  designed  to  meet  the  needs  of  fabrication  processes  employed, 
as  well  as  the  strength  and  toughness  required  to  insure  reliability. 

£(jr  evaluation  of  formed  parts,  the  properties  are  substantiated  and 
material  parameters  established. 

MATERIAL  AND  SHAPES  INVESTIGATED 

This  was  accomplished  on  various  spun  components  Including  the 
cylinder  and  head  illustrated  in  Figure  1.  The  forming  was  accomplished 
by  cold  spinning,  without  the  employment  of  extemal  heat,  utilizing  the 
Hydrospin  equipment  illustrated  in  Figure  2.  The  parts  selected  for 
test  represented  the  production  spinning  technique  to  be  employed.  In 
the  proouronent  of  material,  it  was  anticipated  that  a  clean,  fins  grain, 
spheroidized  structure  would  be  required  and  this  was  substantiated  on 
13"  test  cylinders.  The  material  used  to  fabricate  the  parts  was  AMS- 
6U26  and  ANS-6A34  modified  as  follows: 


Chemical  Composition 

Check  Analysii 

Carbon 

0.35  -  0.40 

to.  02 

Manganese 

0.60  -  0,85 

±0.03 

Silicon 

0.20  -  0.35 

±0.02 

Phosphorus 

.025  Max 

- 

Sulphur  • 

.025  Max 

- 

Chromium 

0.65  -  0.90 

±0.03 

Nickel 

1.65  -  2.00 

±0.05 

Molybdenum 

0.30  -  0.40 

±0.02 

Vanadium 

0.17  -  0.23 

±0.02 

Condition 


jr- 

4^ 


Sheet  -  Hot  finished,  spheroidized  annealed,  pickled  and  oiled  to  a 

hardness  of  Rb  95  ®5^  minimum  spheroidized  structure. 

Forging  -  Rough  machined,  spheroidized  annealed  and  oiled  to  Rb  95  max. 
and  85/C  minimum  spheroidized  structure. 

Mechanical  Properties 

Yield  Strength  {0,2%  Offset)  210,000  psi  min. 

Elongation  in  2  inches)  6%  min. 

Transverse  specimens  air  or  oil  cooled  from  1625  t  25°F  and  tempered 
for  tvv.,  (2)  hours  minimum  at  approximately  500°F. 

OBJECTIVE 


It  was  desired  to  determine  the  tensile  strength  and  micro structure 
of  spun  material  and  to  evaluate  the  effects  of  various  reductions  and 
surface  tool  marks.  It  was  also  desired  to  explore  the  condition  of 
spun  welds  and  establish  the  effect  of  cold  work  on  the  weld, 

SBT.TiCTION  OF  SPECIMBJS  AND  THERMAL  TREATIffiNT 


Consequently,  specimens  were  obtained  from  the  head  and  cylinders 
as  illustrated  in  Figure  3* 

This  provided  specimens  of  different  reductions  from  the  head,  trans¬ 
verse  and  parallel  to  the  tool  marks.  Specimens  from  the  cylinders  were 
also  transverse  and  parallel  to  the  tool  marks.  In  addition,  specimens 
were  obtained  transverse  and  parallel  to  the  weld.  The  angular  location 
of  the  weld  is  due  to  spinning.  The  preform  weld  is  straight  across 
the  qylinder. 

The  heat  treatment  cycle  employed  was  1650°F  held  for  twenty  minutes 
in  Argon  atmosphere,  quenched  in  400°F  salt  and  held  five  minutes  foll¬ 
owed  by  air  cool  and  tempered  at  /t.75®F  for  two  (2)  hours. 

A  summary  of  specimen  types  is  indicated  in  Table  I, 

PROPERTIES  OF  VARIOUS  SHAPES 


The  mechanical  properties  of  specimens  from  the  center  dome  are 
shown  in  Table  2.  There  is  very  little  or  no  reduction  in  this  area. 
Similarly  the  properties  of  specimens  from  the  half-radius,  approx.  20% 
reduction  and  full  radius,  approx.  U3%  reduction  are  shown  in  Table  3 
and  4.  The  data  indicates  the  reduced  areas  have  a  lower  "as-spun” 
yield  strength  than  the  unspun  areas,  whereas  the  ultimate  strength  and 
elongation  was  essentially  unaffected. 
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The  properties  of  specimens  from  the  spun  forged  cylinder  are  shown 
in  Table  5.  Specimens  7TF  through  12TF  were  the  only  specimens  tested 
with  the  tool  marks  left  on  the  surface.  The  data  does  not  conclusively 
show  a  difference  in  tensile  strength  between  specimens  obtained  trans¬ 
verse  to,  and  parallel  to,  the  tool  marks.  A  slight  decrease  in  yield 
strength  is  indicated  on  specimens  whose  surface  contains  the  tool  marks 
in  a  transverse  direction  when  compared  with  otheivise  similar  specimens 
whose  surface  has  been  ground  smooth. 

The  properties  of  specimens  from  the  sheet  material  rolled  and 
welded  cylinder  are  shown  in  Tables  6  and  7.  The  data  indicates  no 
significant  difference  in  tensile  strength  between  parent  metal  specimens 
and  welded  specimens  in  either  the  "as-spun”  or  "as-spun  and  heat  treated" 
condition.  Similarly,  no  significant  difference  was  observed  in  the 
tensile  elongation,  except  in  the  heat  treated  specimens  obtained  parallel 
to  the  spin  tool  marks.  In  this  case  a  slight  decrease  in  elongation  was 
observed  in  the  welded  specimens  compared  to  the  parent  metal  specimens. 

The  average  tensile  results  for  various  conditions  tested  are  shown 
in  Table  8. 

WEIDING  ASPECTS 


The  longitudinal  weld  was  made  by  the  tungsten  inert  gas  process  in 
accordance  with  the  schedvile  shown  in  Figure  4. 

It  should  be  noted  that  is  is  an  oscillation  weld  utilizing  a  cam- 
driven  mechanism  to  oscillate  the  arc  and  wire  feed  simultaneously  during 
the  w'eldlng  operation.  This  technique  is  employed  to  produce  a  completely 
sound  weld.  It  is  important  to  have  the  weld  as  relatively  free  of  imper¬ 
fections  as  the  parent  material  in  view  of  the  extent  of  cold  working. 

The  oscillation  equipment  is  illustrated  in  Figure  5. 

Analysis  of  the  microstmcture  reveals  an  appreciable  difference 
between  the  weld  and  base  metal  in  the  "as-spim"  condition  shown  in  Figures 
6  and  7,  respectively.  However,  the  cold  working  has  acted  to  refine  the 
weld  structure.  For  comparison  purposes,  the  microstructure  of  a  weld 
prior  to  cold  working  is  shown  in  Figure  8.  In  the  hardened  and  tempered 
condition,  the  weld  is  homogenized  and  refined  and  appears  very  similar 
to  the  hardened  and  tempered  base  metal. 

The  effect  of  the  spinning  on  the  weld  is  to  produce  a  structure 
comparable  to  the  base  metal  providing  essentially  a  relatively  homo¬ 
geneous  fabrication. 

STRUCTURE  OF  VARIOUS  SHAPES 


The  microstructure  of  specimens  obtained  from  the  heat  at  full  radius, 
half  radius,  and  dome  areas  are  very  similar  as  shown  in  Figures  9>  10,  and 
11.  However,  the  "as  spian"  specimens  obtained  from  the  cylinders  esdiibited 
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a  slightly  elongated  grain  structure  shovm  in  Figure  12  which  was 
eliminated  by  heat  treatment.  This  was  reflected  in  the  ductility 
measurements.  The  "as-spun"  head  specimens  exhibited  less  loss  of 
ductility  than  the  "as  spun"  specimens  frcan  the  cylinders. 

There  is  no  significant  difference  between  the  microstructure  of 
base  metal  specimens  obtained  transverse  and  parallel  to  the  spin  tool 
marks  shown  in  Figures  13  and  14.  However,  the  "as-spun"  weld  structure 
is  coarser  in  the  transverse  specimen,  Figure  15>  than  the  parallel  spec¬ 
imen,  Figure  16. 

ADDITIONAL  SUBSTANTIATING  INVESTIGATIONS 

Evaluation  of  welded  and  spun  cylinders  was  also  conducted  on  X200 
material  using  13"  development  cylinders.  Figure  17  Illustrates  the 
specimen  locations,  and  Table  9,  the  results  obtained.  This  work  was 
supplemented  b7  destructive  pressure  tests  of  longitudinally  welded 
cylinders  in  a  restrained  jig.  No  weld  failures  were  encountered. 

Similar  tests  were  conducted  on  AMS-6434  modified,  13"  develop¬ 
ment  cylinders.  Figure  18  illustrates  the  destructive  failure. 

TOUGHNESS 


Supplementing  this  work,  it  is  important  to  evaluate  the  sensiti¬ 
vity  of  spun  material  to  the  presence  of  notches.  Fortunately  this  type 
of  testing  has  received  considerable  attention  from  the  onset  of  the 
missile  chamber  program.  Various  types  of  tests  have  been  conducted  on 
basic  material,  forms  and  types.  Numerous  investigations  have  reported 
results  on  high  strength  spun  material. 

The  results  of  work  utilizing  the  center  notch  tensile  test  has 
been  summarized  by  Warga  (l)  in  Table  10, 

MATERIAL  EVALUATION 


In  seeking  the  beat  material  for  this  process,  consideration  was 
given  to  both  ring  forgings  and  welded  sheet  preforms  and  both  have  been 
used  to  fabricate  cylindrical  sections.  Each  form  presented  problems 
which  had  to  be  overcome  to  avoid  a  deleterious  effect  on  the  basic 
material.  Rolled  and  welded  sheet  is  the  simplest  to  fabricate.  Sheet 
mateirlal  may  be  obtained  with  a  low  inclusion  count  to  exact  chemical 
composition.  The  sheet  receives  considerable  work  to  produce  the  pre¬ 
spinning  thickness  and  it  responds  well  to  spheroidizing.  However,  the 
mill  rolling  can  produce  surface  imperfections  which  are  enlarged  or 
ruptured  in  the  spinning  operation.  Careful  surface  inspection  before 
and  after  spinning  is  mandatory  to  eliminate  defective  surface  condi¬ 
tions.  A  rupture  viiich  occurred  on  the  I.D.  surface  of  spun  sheet 
material  is  illustrated  in  Figure  19.  In  this  case,  the  failure  pro¬ 
gresses  the  length  of  the  cylinder  approx.  3"  from,  and  parallel  to, 
the  longitudinal  weld.  The  weld  was  unaffected  as  shown  in  Figure  20, 


MATERIAL  CRITERIA 


Ring  forgings  may  be  procured  to  exact  chemical  composition  vdth  a 
low  Inclusion  count,  but  there  appears  to  be  a  greater  variation  in  the 
cleanliness.  Forgings  are  made  3 •00”  thick,  roughly  machined  to  1.00” 
and  final  machined  to  the  desired  preform  thickness.  Spheroidizing  is 
accomplished  in  the  as-forged  and  rough-machined  condition.  Use  of  the 
forging  eliminates  the  longitudinal  weld  and  permits  accurate  control 
of  the  preform  thickness. 

However,  different  mill  practices  can  produce  variations  in  the 
forging  structure  v^iich  affect  the  final  product.  The  amount  of  work 
the  forging  receives  is  significant  and  the  heat  treating  procedure 
must  be  accorded  special  consideration  to  condition  the  structure  for 
spinning.  Figure  21  illustrates  a  mixed  non-homogeneous  structure  that 
is  unsatisfactory.  Figure  22  illustrates  a  structure  with  insufficient 
spheroid! zat ion.  Figures  23  and  24  illustrate  the  desired  and  minimum 
acceptable  structures  respectively. 

When  attempts  were  made  to  spin  unacceptable  structures,  ruptures 
such  as  illustrated  in  Figure  25  were  encountered.  Extensive  control 
of  structure  is  required,  necessitatirj  sampling  forgings  at  each  end 
and  respheroidizing  vdien  required. 

The  strict  requirements  for  structure  are  alleviated  to  some  extent 
when  an  interpass  stress  relieve  is  employed.  However,  the  material  pre¬ 
sented  for  spinning  should  be  missile  quality  compatible  with  the  product 
to  be  manufactured,  and  the  process  controlled  to  eliminate  deleterious 
effect. 

In  addition  to  meeting  the  normal  specification  requirements,  the 
material  must  be  designed  to  meet  the  requirements  of  spinning.  It 
should  be  fine  grained,  consumable  electrode,  vacuum  remelted,  or  equiv¬ 
alent,  clean  material  ^th  the  following  micro  inclusion  rating. 

Thin  Heavy 

A  1-1/2  1 

BIO 
C  1/2  0 

D  1-1/2  1 


Forgings  shoiild  preferably  comply  with  magnetic  particle  inspection 
frequency-severity  rating  of  .5  and  1.0  per  square  inch  of  surface  re¬ 
spectively,  utilizing  the  test  procedure  illustrated  in  Figure  26.  It 
should  be  sufficiently  worked  to  provide  a  homogeneous  struct;ire  with  a 
minimum  of  85^  spheroidlzation  and  maximxim  hardness  of  95  Rb» 
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SOMmST 


The  effect  of  forming  mechanical  spinning  is  to  provide  a  cold 
worked  homogeneous  structure.  A  thermal  treatment  is  required  prior  to 
further  processing  to  relieve  the  stresses  introduced  by  cold  working. 

No  deleterious  effect  is  observed,  providing  the  material  is  acceptable 
for  spinning.  Material  not  specifically  designed  for  spinning  may  have 
conditions  which  are  detrimental  and  reflect  adversely  on  the  process. 

The  reliability  of  longitudinal  welds  in  cylinders  is  enhanced  by 
spinning . 
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FICURB  26  -  FREQUENCY  -  SEVERITY  TEST  PBOCKDURB 

MATERIAL  SHALL  BE  FORDED  AMD  NACHINB),  TO  THE  SPECIMEN  CONFIGURATION 
SHOWN  BELOW,  TO  A  SURFACE  FINISH  OF  40  MICRO-INCHES  MINIMUH  AND 
MAOIETIC  PARTICLE  INSPECTED  USING  A  CIRCUIJUi  WET  CONTINUOUS  METHOD 
Wim  A  CURRENT  OF  1,000  AMPERES  PER  INCH  OP  THICKNESS.  RECORD  THE 
NUMBER  AND  SIZE  OF  INDICATIONS  FOUND  ON  EACH  BAR  AND  CALCUUTE  THE 
FRBQUENCT-SEVERITT  RATBIG  AS  FOLLOWSt 

PRSiUBfCr  ■  NUMBER  OF  INDICATIONS  PER  SQUARE  INCH. 

DIVIDS  TOTAL  NUMBER  OF  INDICATIONS  EOT  SURFACE  AREA 
(IN  3Q.  n.)  INSPECTS). 

SSmiTT  «  THE  TOTAL  SUM  OF  THE  NUMEBR  OF  INDICATIONS  TIMES  THE 
SETERITT  FACTORS  DIVIDED  BI  THE  NUMBER  OF  SQUARE 
INCHES  OP  THE  SURFACE  AREA  INSPECTED. 
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LOCATION  OF  MICRO-SPECIMENS  NOT  SHOWN  ON  FIGURE  3. 
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aus-shear  forming  of  low  alloy  steel  cylinders 


E.  S.  Jones,  General  Electric  Company 
Flight  Propulsion  Laboratory  Department,  Cincinnati  Ohio 


Background : 


The  need  for  higher  strength  materials  for  use  in  pressure  vessels 
such  as  rocket  cases  has  provided  a  great  stimulus  to  development  of  high 
strength  steels.  While  the  aircraft  industry  uses  steels  with  strengths 
well  in  excess  of  200,000  psi ,  the  demands  of  the  rocket  industry  are  such 
that  much  stronger  materials  could  be  put  to  good  use. 

The  1954  article  by  Lips  and  Van  Zui len ^ touched  off  a  wave  of 
interest  in  the  process  of  warm  working  steels  in  the  metastable  austen¬ 
itic  condition  to  achieve  high  strengths.  Several  investigators  have  re¬ 
ported  (2,  3,  4  and  5)  the  results  of  such  studies,  among  the  more  active 
being  those  of  the  Ford  Motor  Company.  A  summary  of  the  more  recent 
activities  in  the  warm  working  of  steels  in  the  metastable  austenitic 
temperature  region  ha.s  recently  been  published . 

Under  sponsorship  of  the  Navy  Bureau  of  Ordnance  (now  the  Bureau  of 
Weapons),  the  General  Electric  Co,,  Flight  Propulsion  Laboratory  Depart¬ 
ment,  undei'took  to  apply  the  process  to  the  shear  forming  of  low  alloy 
Steel  cylinders,  hereafter  referred  to  as  aus-shear  forming.  The  ob,ject- 
ives  of  this  work  were  to; 

1.  Demonstrate  feasibility  of  applying  the  process  to  thin  walled 
cylindrical  shape.?. 

2.  Explore  the  effect  of  processing  variables. 

3.  Evaluate  the  strength  and  ductility  of  cylinders  produced  by  such 
methods . 

It  is  the  purpose  of  this  paper  to  report  the  results  of  this  study, 
and  to  assess  the  potential  of  the  process . 


experimental  APPROACH 


Aus-Shear  Forming  Equipment : 

The  basic  roll  forming  equipment  used  in  this  study  was  a  modified 
vertical  turret  lathe.  For  warm  roll  forming  all  tooling  was  especially 
designed  and  built  to  wlth.?)tand  elevated  temperatures.  The  6"  diameter 
mandrel  and  rollers  were  made  of  M-50  high  speed  tool  steel,  tempered 
1()0*^F  above  the  expected  maximum  operating  temperature.  The  mandrel  was 
drilled  to  accommodate  three  (3)  electrical  cartridge  heaters  and  the.se 
provided  the  primary  source  of  heat.  Slip  rings  were  positioned  below 
the  hardened  mandrel  to  supply  power  to  the  heaters.  To  balance  convect¬ 
ion  and  radiation  heat  losses,  a  hinged  shell  containing  .several  electrical 
strip  heaters  partially  surrounded  the  mandiol .  A  thermocouple  inserted 
into  tlie  mandrel  and  connected  to  a  controller  in  the  heating  eJ.emont  c.lr- 
cult  provided  automatic  control  of  the  mandrel  temperature,  Eigurvi  1 


shows  a  schematic  view  of  the  mandrel  and  roller  arrangement.  Although 
it  was  expected  that  the  work  roll  would  require  heating,  this  proved  un¬ 
necessary,  since  it  reached  forming  temperature  very  soon  after  contact 
with  the  blank.  Temperature  checks  of  the  blank  in  process  and  of  the 
mandrel  were  made  with  a  contact  pyrometer  or  with  Templlstlk> 

Considerable  modification  to  the  original  tooling  was  required  as 
the  experiments  progressed.  It  was  necessary  to  increase  the  strength 
and  rigidity  of  the  equipment  in  order  to  obtain  the  desired  amount  of 
warm  working.  As  originally  desifcnsd,  no  tallstock  was  used  for  the 
shear  forming.  However,  the  force  required  to  deform  the  steels  being 
studied  -  even  in  the  austenitic  condition  -  required  that  a  tailstock 
be  added.  With  increasing  experience,  it  was  possible  to  achieve  re¬ 
ductions  up  to  75%  in  a  6"  diameter  cylinder  having  a  thick  wall. 
Figure  2  shows  the  equipment  in  its  final  form. 

The  blanks  were  austenitized  in  a  15  KW  induction  heating  unit.  A 
5-turn  coll  was  designed  to  give  Uniform  rapid  heating  of  the  blanks. 
Inconel  X  sheet  stock  was  placed  around  the  inner  and  outer  diameters  of 
the  blank  during  heating  to  help  minimize  scaling.  Wire  filled  asbestos 
cloth  and  transits  were  used  to  minimize  heat  losses.  An  optical  pyrome¬ 
ter  was  used  to  measure  temperatures  during  the  austenitizing  cycle. 

Adequate  water  and  oil  quenching  facilities  were  available  where 
required  for  roll-formed  parts.  A  large  forced  air  furnace  was  used  for 
tempering  the  cylinders. 

Selection  of  Steels; 

Three  commercially  available  steels  were  chosen  for  study.  These 
are  shown  below,  together  with  the  analyses  of  the  heats; 


Material 

%c 

Mn 

Si  N1 

Cr 

V 

Mo 

S 

P 

Halcomb  218 

.36 

.36 

1.13 

5.00 

.33 

1.30 

019 

.015 

LaBelle  HT 

.42 

1.34 

2.21 

1.32 

.28 

.36 

016 

.016 

Super  Tricent 

.54 

.83 

2.11  3.63 

.90 

.13 

.49 

005 

.013 

Halcomb 

218  is 

representative  of 

the  H-11 

class 

(5%  Cr) 

of 

tool  steel 

while  the  LaBelle  HT  and  Super  Tricent  are  medium  carbon  low  alloy  steels. 
The  nickel  content  of  the  latter  was  of  interest,  since  it  was  believed 
that  N1  would  have  a  beneficial  effect  on  the  transformation  character¬ 
istics.  All  of  these  steels  exhibited  TTT  characteristics  thought  to  be 
favorable  to  aus-shear  forming,  le,  a  deep-bay  region  with  a  sufficiently 
broad  range  of  temperature  and  time  such  that  severe  deformation  could  be 
accomplished  without  encountering  non-martensitic  transformation  during 
deformation.  The  TTT  curves  for  Super  Tricent  and  LaBelle  H.T.  are  shown 
in  Fig.  3. 

Cylinder  Pre-form  Preparation: 

Ring  forgings  of  air  melted  Halcomb  218,  LaBelle  HT,  and  Super  Tri¬ 
cent  were  procured  from  commerical  sources.  These  were  machined  to  6"l.D., 


% 


4^ 
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i"  wall,  and  4^"  long  cylindrical  pre-forms.  The  exact  I.D.  for  each  type 
of  pre-form  was  varied  due  to  slight  differences  in  thermal  expansion  in 
the  three  steels.  A  clearance  of  .020"  to  .025"  was  allowed  for  fitting 
pre-forms  (cold)  on  the  mandrel.  All  blanks  were  magnafluxed  after  mach¬ 
ining  and  were  found  to  be  of  good  quality. 

All  ring  forgings  were  given  a  spheroldizing  heat  treatment  prior  to 
being  austenitized  in  the  induction  heater,  (preparatory  to  aus-shear  form¬ 
ing).  This  spheroldizing  treatment  resulted  in  hardnesses  below  . 

Aus-Shear  F  arming  Procedure: 

In  order  to  reach  the  desired  reduction,  many  experiments  in  the  rate 
of  feed,  mandrel  rpm,  force  applied,  roller  configuration,  number  of  passes 
etc,  were  made.  Concurrently,  several  methods  of  temperature  control  and 
measurement  were  being  tested.  Due  to  equipment  limitations,  65%  to  70% 
was  the  maximum  practical  reduction  which  could  be  consistently  achieved. 

The  procedure  finally  adopted  for  the  detailed  variable  study  was. 

o 

1.  Austenitize  the  ring  forging  in  the  induction  heater  at  2000  F, 

hold  at  2000°F  10°F)  for  7  to  8  minutes,  the  temperature  being  measured 

with  an  optical  pyrometer. 

2.  Place  the  hot  ring  forging  on  the  mandrel  heated  to  the  desired 
aus-shear  forming  temperature.  Allow  the  blank  to  cool  to  the  mandrel 
temperature,  and  measure  the  ring  forging  temperature  with  a  contact  py¬ 
rometer  or  Tempilstiks 

3.  Make  the  first  roll -forming  pass  at  . 040"/rev . feed  and  20  rpm. 
Check  cylinder  temperature  and  size  after  first  pass. 

4.  Make  the  second  pass  at  . 020"/rev . f eed  and  20  rpm.  Check  the 
cylinder  temperature. 

5.  Remove  the  cylinder  from  the  mandrel  as  rapidly  as  possible  and 
oil  quench  or  air  cool  as  required. 

6.  Double  temper  the  cylinder  immediately  after  cooling  to  room 
temperature.  Cool  to  room  temperature  between  the  first  and  second  temper 
cycles . 


CYLINDER  EVALUATION  RESULTS 


After  completing  the  preliminary  equipment  development  and  maierlal 
handling  phase,  a  comprehensive  study  of  the  critical  variables  was  under¬ 
taken.  This  consisted  of  a  study  of  three  deformation  temperatures,  and 
three  tempering  temperatures,  on  each  of  the- three,  previously  mentioned 
steels.  A  total  of  27  cylinders  were  thus  prepared  (9  of  each  of  the  three 
steels).  In  all  Instances,  aus-shear  forming  reductions  were  approximately 
65  to  70%,  this  being  the  maximum  possible  with  the  equipment  (available  at 
that  time) . 
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Tensile  Specinien  Preparation: 

After  aus-shear  forming  of  the  6"  dla.  cylinders,  they  were  double 
tempered  and  longitudinal  sheet  tensile  specimens  were  cut  from  the  cyl¬ 
inder,  walls,  parallel  to  the  cylinder  axis.  All  specimens  were  ground  to 
final  size  to  eliminate  the  curvature  in  the  strips  and  to  avoid  the  neces¬ 
sity  of  straightening  by  mechanical  means.  Final  specimen  size  was  6" 
overall  length  x  l"  gage  length  x  0.08"  thickness  x  .0,24"  gage  width. 

Tensile  tests  at  room  temperature  were  performed  in  triplicate.  Some 
difficulty  was  experienced  In  testing  several  of  the  cylinders  due  to  the 
extremely  high  strength,  and  the  geometry  of  the  test  bars.  Fracture 
sometimes  occurred  outside  of  the  gage  length  of  the  specimens,  making  it 
difficult  to  obtain  either  strength  and/or  elongation  measuresMnts . 


Tensile  Properties; 

The  results  of  the  tensile  tests  are  tabulated  In  Tables  I,  II,  and 

III . 

Considering  first  the  properties  of  the  Halcomb  218  cylinders  (Table  I) 
the  cylinders  aus-shear  formed  at  SOO^F  appear  to  show  the  best  combination 
of  strength  and  ductility.  Tempering  at  lOOO^F  gave  these  average  proper- 
itles; 

UTS  0.2%  Y.S.  %  Elong.  TS/YS  Ratio 

393,000  282,000  6.0  1.4 


While  higher  single  tensile  or  yield  strength  levels  were  obtained  from 
other  processing  temperature  conditions,  those  cited  above  are  the  best 
average  (of  three  tests)  properties. 

The  high  ratio  of  TS/YS  suggests  that  a  large  amount  of  retained 
austenite  was  present  In  these  cylinders.  Tempering  at  llOO^F  reduced 
the  TS/YS  ratio  for  cylinders  deformed  at  each  of  the  three  temperatures 
studied.  With  respect  to  ductility,  this  steel  is  relatively  Insensitive 
to  changes  In  processing  parameters,  the  elongation  of  all  specimens  being 
4  to  7%. 

Data  on  conventionally  heat  treated  Halcomb  218  sheet  strip  (different 
heat)  have  these  strength  values; 

UTS  0.2%  Y.S.  %  Elong. 

285  -  295  ksl  225  -  235  ksl  5 

Comparing  these  strengths  with  those  obtained  from  the  aus-shear  formed 
cylinders  (above).  It  Is  evident  that  the  yield  strength  was  increased 
by  nearly  25%,  without  sacrifice  of  ductility. 
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Considering  next  the  LaBelle  H,T,  cylinders  (Table  II)  it  is  ap¬ 
parent  that  this  steel  is  quite  sensitive  to  cracks  under  the  conditions 
investigated.  Where  "cracks"  are  denoted  in  the  Table,  the  cylinders 
generally  shattered  into  multiple  pieces  during  aus-shear  forming,  immed¬ 
iately  af tej;  removal  from  the  mandrel,  or  sometime  prior  to  tempering. 

For  the  800  F  deformation  temperature,  and  either  600  or  700  F  temper¬ 
ing  these  properties  resulted: 

UTS  0.2%  Y.S.  %  Elong.  TS/YS  Ratio 

388  -  338  ksi  352  -  325  ksi  5-9  1.1  -  1.05 

Here  the  TS/YS  ratio  suggests  that  much  less  austenite  was  re¬ 
tained.  The  high  Incidence  of  cracked  cylinders  also  indicates  the 
possibility  of  strain  induced  transformation  taking  place  during  the 
aus-shear  forming.  This  is  discussed  at  greater  length  in  the  subsequent 
section  on  "Mechanism  Studies". 

Data  on  conventionally  heat-treated  LaBelle  H.T.  (different  heat) 
sheet  strip  gave  these  strength  values; 

UTS  0,2%  Y.S.  %  Elong. 

270  -  300  ksi  240-245  ksi  5-6 

Comparing  these  data  with  the  results  of  cylinder  specimen  tests  (above) 
the  yield  strength  was  increased  by  nearly  50%  by  aus-shear  forming,  while 
equivalent  ductility  was  retained. 


Finally  considering  the  Super  Trlcent  cylinders  (Table  III),  those 
aus-shear  formed  at  900®F  and  tempered  at  7U0°F-  show  excellent  combi¬ 
nations  of  strength  and  ductility,  as  shown  by  these  average  values: 

UTS  0,2%  Y.S,  %  Elong.  TS/YS  Ratio 

341  ksi  293  ksi  13.0  1,16 

The  properties  of  conventionally  heat  treated  Super  Tricent  sheet 
strips  are: 


UTS  0.2%  Y.S,  %  Elong. 

290  -  310  ksi  235  -  255  ksi  10  -  15 

Thus  the  yield  strength  resulting  from  aus-shear  forming  has  been  in¬ 
creased  by  about  20%  while  ductility  is  substantially  equivalent. 

There  are  several  observations  one  can  make  from  these  data: 

1)  A  deformation  temperature  of  700  F  re.sults  in  excessive  stresses, 
possibly  due  in  part  to  strain-induced  transformation,  which  causes 
cracked  cylinders. 


2.  The  relatively  high  TS/YS  ratio,  combined  with  high  ductility,  suggests 
the  presence  of  appreciable  retained  austenite, 

3.  Tempering  temperatures  of  at  least  700°F  are  required  to  complete  the 
temper  reactions  and  produce  high  yield  strengths. 

4.  Refrigeration  after  aus-shear  forming  to  transform  retained  austenite 
would  probably  result  in  additional  strength  increases,  at  the  expense 
of  ductility. 

From  the  standpoint  of  both  yield  strength  and  ductility,  these 
properties  of  cylinders  processed  in  the  above  described  manner  are  quite 
remarkable.  This  is  particularly  evident  when  one  compares  the  aus-shear 
formed  properties  with  those  generally  reported  for  the  conventionally 
heat  treated  condition.  However,  such  comparisons  should  be  made  with 
caution,  since  specimen  geometry,  heat  analysis,  etc,  are  usually  not 
comparable. 

Microstructure: 

The  microstructures  of  all  of  these  aus-shear  formed  materials  were 
quite  similar,  and  representative  photomicrographs  are  shown  In  Figure  4, 
The  structures  shown  were  taken  from  the  longltu'^.inal  axis  of  cylinders 
deformed  about  65-70%,  The  fibrous  nature  of  these  structures  Is  the  re¬ 
sult  of  the  deformation  which  takes  place  during  the  aus-shear  forming. 

The  electron  photomicrographs  (6000X)  show  the  very  fine  martensitic 
needle  size  achieved  by  the  process.  There  appears  to  be  no  unusual  car¬ 
bide  precipitation  or  dispersion,  at  least  at  this  magnification.  It  has 
been  suggested  that  the  refinement  of  the  martensitic  needle  size  Is  a 
major  contributor  to  the  strengthening  achieved  through  aus-shear  forming. 
This  is  discussed  at  greater  length  in  the  section  on  "Mechanism  Studies". 


Reproducibility  Study: 

Three  additional  Halcomb  218  cylinders  (6"  dla.)  were  aus-shear  form¬ 
ed  to  determine  the  reproducibility  of  properties  between  cylinders.  As 


described  previously,  the  cylinders  were  austenitized  for  about  10  minutes 
at  2000  F,  and  were  then  transferred  to  the  heated  mandrel.  A  deformation 
temperature  of  900®F  was  used.  The  three  cylinders  were  each  aus-shear 


formed  in  two  passes  to  approximately  50-60%  reduction  in  thickness,  and 


were  then  removed  from  the  mandrel  and  allowed  to  air  cool  to  room  temper¬ 
ature.  Following  this,  the  cylinders  were  double  tempered  at  lOOO^F.  Each 
cylinder  then  had  one  tensile  specimen  (6"  long  x  3/8"  gage  width  x  2"  gage 


length)  prepared  from  It,  parallel  to  the  cylinder  axis.  The  results  of 


the  tensile  tests  are  shown  below: 


REPRODUCIBILITY  DATA  -  HALCOMB  218  CYLINDERS 


Cylinder 

No. 

%  Reduction 

Time  on 
Mandrel 
(Min. ) 

T.S. 

psi 

0.2%  YS 
psi 

%  Elongation 
in  1"  In  2’ 

A 

53 

31 

303,000 

249,000 

7 

5.5 

B 

60 

36 

377,000 

279,000 

7 

5 

C 

62 

35 

395,000 

293,000 

8 

6 
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These  teats  indicate  that  the  aus-ahear  forming  process,  as  carried 
out  under  the  previously  described  conditions,  is  quite  sensitive  to  pro¬ 
cess  variables,  and  results  in  a  rather  large  spread  in  strengths  between 
cylindera4  Additional  study  is  needed  to  define  more  accurately  the  pro¬ 
cessing  variable  limits  which  must  be  observed  in  order  to  minimiae  these 
differences  in  properties. 

MECHANISM  STUDIES 


The  encouraging  results  from  the  cylinder  property  evaluation, 
coupled  with  the  results  of  work  being  reported  by  other  investigators, 
prompted  the  initiation  of  studies  to  investigate  the  basic  reason  for 
the  strengthening.  By  so  doing,  it  was  hoped  that  process  optimization 
and  control  could  be  facilitated. 

Specimen  Preparation: 

For  expediency  as  well  as  economy,  the  mechanism  study  was  conduct 
ed  on  specimens  aus-rolled  by  laboratory  rolling  mills.  Plate,  approx¬ 
imately  3/8"  thick,  of  vacuum  induction  melted  Super  Trlcent  and  LaBelle 
H.T.  was  utilized  at  the  starting  material  in  this  study.  The  analyses 
of  these  materials  are  shown  below;  . 


Material 

7-)C 

Cr 

V 

Mo 

Si 

N1 

Mn 

P 

S 

•  MM. 

_ 

Super  Trlcent 

0 . 53 

0.9 

0.1 

0.4 

2.2 

3.6 

0.7 

.012 

.009 

LaBelle  H.T. 

0.43 

1.2 

0.3 

0.4 

2,0 

— 

1.0 

.012 

.013 

Two  heating  furnaces,  located  in  close  proximity  to  the  rolling  mill, 
were  used  to  austenitize  and  then  heat  at  lower  temperatures  for  aus-roll- 
Ing,  Reductions  in  thickness  of  between  65  and  90%  were  studied,  these 
usually  being  achieved  in  3-10  rolling  passes,  with  about  5  minutes  re¬ 
heating  between  passe.s.  During  rolling  the  strips  wore  checked  between 
each  pass  for  magnetic  response  with  a  strong  Alnico  bar  magnet.  After 
rolling  to  the  desired  thickness  reduction  the  strips  were  oil  quenched. 
Specimens  were  then  either  immediately  tempered,  or  were  first  refrigerat¬ 
ed  for  8  hours  in  liquid  nitrogen,  and  then  single  tempered  for  one  hour 
at  either  600  or  70U^F.  Tensile  specimens  were  prepared  in  the  longitud¬ 
inal  (to  rolling)  direction,  and  were  surface  ground  to  remove  any  possible 
surface  decarb. 

Tensile  Test  Results; 

The  results  of  tensile  tests  on  the  aus-rolled  material  are  shown 
in  Tables  IV  and  V. 

Super  Tricent 

Over  the  range  of  aus-rolling  temperatures  investigated  (800  - 
1250°F)  this  alloy  showed  only  a  "weak"  to  "mild"  magnetic  response  during 
deformation,  indicating  slight  strain-induced  transformation  (Table  IV). 
Deformation  temperatures  of  800  or  1000°F  were  effective  in  Increasing  the 


yield  strength.  Refrigeration  also  Increased  yield  strength  compared 
with  non-ref rigerated  specimens,  indicating  considerable  retained  austen¬ 
ite.  However,  refrigeration  also  resulted  in  a  corresponding  decrease  in 
ductility. 

Based  on  magnetic  characteristics,  it  would  appear  that  Super  Trlcent 
is  fairly  insensitive  to  strain-induced  transformation,  and  that  in  the 
region  of  800  -  1000*^F,  a  nearly  completely  austenitic  structure  was  being 
deformed  in  the  aus-rolling  process. 

LaBelle  H.T. : 

In  contrast  to  the  response  of  the  Super  Tricent,  this  alloy 
showed  a  decidedly  greater  magnetic  response  over  the  range  of  temperatures 
studied.  (Table  V).  Aus-rolling  for  75%  reduction  at  lOOO^F  resulted  In 
yield  strengths  of  350-360  ksl,  somewhat  higher  than  Super  Tricent  aus- 
rolled  equivalent  degrees.  Refrigeration  was  again  effective  In  Increas¬ 
ing  yield  strength. 

The  magnetic  response  of  LaBelle  during  aus-rolling  suggests  that  a 
portion  of  the  deformation  was  accomplished  on  a  structure  consisting  of 
both  austenite  and  strain-induced  martensite.  Warm  working  of  such  a  du¬ 
plex  structure  la  thought  to  be  partially  responsible  for  the  higher 
strengths  that  were  achieved.  Furthermore,  this  also  suggests  that  steels 
which  respond  to  this  type  of  strain-induced  transformation  may  exhibit 
the  greatest  strengthening  potential, as  contrasted  to  steels  which  are 
not  subject  to  strain-induced  transformation. 

Interpretation  of  Results: 

The  data  contained  in  Tables  IV  and  V  may  be  Interpreted  In  several 
ways;  however,  it  is  felt  that  a  discussion  of  the  differences  In  magnetic 
response  between  the  two  steels  is  appropriate. 

It  is  evident  that  generally  similar  tensile  properties  were  ob¬ 
tained  in  aus-rolled  sheet,  compared  to  the  properties  of  aus-shear  formed  - 
cylinders.  Referring  once  more  to  Table  II,  it  may  be  observed  that  several 
LaBelle  H.T.  cylinders  cracked  during  processing.  Based  on  the  degree  of 
strain-induced  transformation  encountered  in  aus-rolling  of  LaBelle  strip. 

It  seems  likely  that  a  similar  strain-induced  transformation  occurred  dur¬ 
ing  LaBelle  cylinder  aus-shear  forming.  If  substantial  transformation  took 
place  during  the  initial  roll-forming  pass,  then  a  duplex  (austenite  / 
martensite)  structure  was  probably  deformed  during  the  second  roll-forming 
pass.  It  Is  believed  that  this  condition  should  be  avoided,  since  quench¬ 
ing  of  such  a  structure  following  the  completion  of  aus-shear  forming  could 
result  in  unequal  distribution  of  internal  stresses  and  consequent  initiat¬ 
ion  of  cracks.  Since  this  susceptibility  to  cracks  was  not  evident  In  the 
Super  Tricent  cylinders  (at  deformation  temperatures  above  700°F) ,  one  might 
suspect  that  it  would  be  more  desirable  to  aus-shear  form  cylinders  from  a 
steel  which  does  not  undergo  extensive  strain-induced  transformation. 


4 
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Based  on  the  data  from  this  study,  combined  with  the  results  of 
other  investigations,  it  seems  likely  that  the  following  strengthening 
mechanisms  are  each  partially  responsible  for  the  high  strengths  obtained 
during  aus-shear  forming: 

1.  Refinement  of  the  martensitic  needle  size  through  deformation 
of  the  austenitic  structure. 

2.  Strain  hardening  of  transformation  products. 

Opposing  these  strengthening  mechanisms  is  the  effect  of  retained 
austenite,  which  tends  to  promote  higher  ductility  at  the  expense  of  high 
strength. 


FUTURE  OUTLOOK 


The  data  reported  herein  serves  to  Illustrate  that  the  aus-shear 
forming  process  can  be  used  to  make  cylindrical  shapes  that  possess  very 
high  yield  strength,  combined  with  good  ductility,  from  certain  steels. 

To  be  economically  Justifiable,  aus-shear  forming  should  be  reserved 
for  strengthening  steels  above  and  beyond  that  which  can  be  achieved 
through  heat  treatments  alone.  Steels  are  being  developed  currently  which 
can  be  heat  treated  to  yield  strength  levels  of  275  to  300  ksl ,  with  ap¬ 
preciable  ductility.  Therefore,  it  seems  likely  that  aus-shear  forming  of 
pressure  vessels  will  probably  be  used  to  achieve  yield  strengths  In  excess 
of  300  ksl. 

While  feasibility  has  been  demonstrated,  there  remains  much  to  be 
learned  before  the  aus-shear  forming  process  can  be  applied  to  the  manu¬ 
facture  of  hardware.  Optimizing  steel  compositions,  controlling  deform¬ 
ation  temperatures  and  directionality  effects,  developing  aus-shear  forming 
equipment  and  techniques,  and  a  knowledge  of  the  limiting  process  variables 
all  must  be  investigated  in  much  more  detail.  When  studies  of  this  type 
have  been  completed,  it  should  be  possible  to  produce  hardware  with  re¬ 
liable  properties. 
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FIG.  3  TTT  OIRVBS  FOR  SUPER  TSICBHT  ARD  LABELLB  H.T 
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TIME.  SECONDS 


FIGDRK  4 


EIPBISKHTATIVI  PHOTOMICTOOIAPHS  OF  AUS-BHlMt  TOwm  CTLimiK^  ■PlCIimTff 
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TABLE  I 


Room  Temperature  Tensile  Properties  of  Aus-Shear  Formed 
_ Halcomb  218  Cylinders _ 


Cylinder 

No. 

Mandrel 

Temperature 

Tempering 

Temperature 

UTS 

ksi 

0.2%  Y.S, 

% 

,ksi  Elongatlon(in  1  inch) 

1 

800F 

900F 

* 

247 

* 

405 

248 

7.0 

* 

284 

w 

9 

800F 

lOOOF 

354 

275 

5.0 

380 

276 

5.0 

385 

313 

6.0 

4 

800F 

HOOF 

300 

272 

6.0 

306 

281 

5.0 

255 

232 

5.5 

2 

900F 

900F 

394 

273 

6.0 

365 

275 

- 

346 

266 

5.0 

7 

900F 

lOOOF 

393 

284 

5.0 

391 

272 

6.0 

395 

291 

6.0 

6 

900F 

HOOF 

286 

254 

5.0 

290 

260 

5.0 

291 

268 

6.0 

3 

lOOOF 

900F 

413 

284 

5.0 

412 

265 

4.0 

* 

256 

* 

8 

lOOOF 

lOOOF 

345 

265 

6.0 

352 

298 

6.5 

344 

275 

7.5 

5 

lOOOF 

HOOF 

286 

260 

7.0 

283 

260 

6.5 

271 

251 

6.5 

All  cylinders  were  shear-formed  60-70%  reduction  in  thickness 
Strain  rate  .OOS'V’Vmin.  to  yield. 

*  Broke  in  tab. 
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TABLE  II 


Room  Temperature  Properties  of  Aus-Shear  Formed  LaBelle  H.T. 
_ Cylinders _ 


Cylinder 

Mandel 

Tempering 

UTS 

% 

No. 

Temperature 

Temperature 

ksi 

.2%  Yield,  ksi 

Elongation 

3 

7  OOF 

400F 

- 

Cylinder  Cracked 

- 

7 

700F 

600F 

- 

Cylinder  Cracked 

- 

4 

700F 

700F 

340 

241 

15.5 

324 

247 

15.0 

* 

237 

* 

■  \ 

2 

800F 

400F 

- 

Cylinder  Cracked 

- 

3 

800F 

600F 

388 

351 

5.0 

- 

350 

- 

373 

352 

5.0 

5 

800F 

7  OOF 

338 

326 

9.0 

343 

325 

5.0 

350 

328 

7.0 

1 

900F 

400F 

♦ 

281 

* 

370 

284 

8.0 

374 

298 

9.0 

9 

900F 

600F 

- 

Cylinder  Cracked 

- 

6 

900F 

700F 

- 

Cylinder  Cracked 

- 

All  cylinders  were  shear-formed  60-7 C5t reduction  in  wall  thickness 
Strain  rate  .005"/"/mln.  to  yield. 

*  Broke  in  tab. 
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TABLE  III 


Room  Temperature  Properties  of  Aus-Shear  Formed  Super  Tricent 
_ Cylinders _ 


Cylinder 

No 

Mandrel 

Temperature 

Tempering 

Temperature 

UTS 

ksl 

0,2%  Yield,  ksi 

% 

Elongation 

Rc 

Hardness 

7 

700F 

400F 

- 

Cylinder  Cracked 

- 

^  - 

8 

700F 

600F 

348 

237 

13.0 

56-57 

360 

231 

14.5 

57.5-59 

364 

230 

1!5.0 

56.5-58 

9 

700F 

700F 

- 

Cylinder  Cracked 

- 

6 

800F 

400F 

293 

189 

* 

59.0-60.5 

269 

195 

* 

59.5 

332 

204 

* 

59-60 

2 

800F 

600F 

361 

206 

12.5 

57 

368 

- 

15.0 

57 

358 

202 

14.0 

56.5 

3 

800F 

700F 

309 

276 

2.0 

56-59 

334 

281 

4.0 

59.5 

327 

289 

7.0 

59.5 

1 

900F 

400F 

388 

212 

12.0 

60 

332 

235 

- 

60 

380 

222 

10.0 

58-59 

4 

900F 

600F 

334 

270 

7.0 

56-57 

338 

265 

15.0 

57.5 

331 

199 

10.0 

57 

5 

900F 

700F 

343 

300 

10.0 

58.5 

342 

290 

13.0 

59.5-60 

339 

288 

15.0 

59-60 

All  cylinders  were  aus-shear  formed  60-70%  reduction  In  wall  thickness 
Strain  rate  005"/"/min.  to  yield. 
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TABLE  IV  SUPER  TRICENT  DATA  -  AUS -ROLLED  SHEET 
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(1)  N  =  Non-magnetic;  W  r  Weakly  magnetic;  H  =  Mildly  magnetic;  V  r  Very  magnetic. 

(2)  -100°F/8  hrs  (licL,N2) 

(3)  Single  temper  for  one  (1)  hour. 
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(3)  Single  temper  for  one  (1)  hour 


THE  EFTECTS  OF  FROCE13URAL  VARIABLES 
ON  THE  PROPERTIBS  OF  BUTT  W1SIJ)S 

By 

Clyde  M.  Adams,  Jr., 

Associate  Professor  of  Metallurgy 
M.I.T.  -  Cambridge,  Mass. 


I.  mWRorocnoH 

La  the  fabrlcatlo:!  of  shaped  structures  from  sheet  material,  the 
Tarlous  veldlng  processes  play  an  obvious  and  Important  part.  Whan 
these  structures  are  to  be  of  xmusually  high  strength,  it  becomes  an 
objective  of  'velding  to  preserve  properties  as  veil  as  to  generate 
shape.  In  this  sense,  veldlng  has  become  regarded  as  a  negative 
factor  in  the  solid  prox>ellant  motor  case  industry  in  that  veldlng 
can  and  too  often  dees  veaken  the  entire  structure,  but  can  never 
homogeneously  strengthen  it.  In  a  thin-skinned  pressure  vessel,  a 
veld  vhlch  is  strr^nger  and  tougher  than  the  surrounding  structxire 
contributes  nothing  to  the  overall  strengthening  of  the  vessel, 
vhereas  a  veld  vhich  is  softer  or  more  brittle  quite  definitely 
weakens  the  entire  unit.  As  a  processing  technique,  welding  cannot 
have  the  prlmsy  function  of  beneficiation  of  structures  and 
properties;  one  must  'be  content  with  the  aim  of  leaving  the 
properties  of  the  sheet  materlsQ.  as  good  as  they  vere  before  veldlng. 

Hide  gloomy  vlev  of  voiding,  as  a  process  vhere  strength  can  he 
lost  but  never  gained,  has  lent  Impetus  to  the  adoption  of  shaping 
procedures  such  as  spinning  and  deep  drstvlng,  vhlch  processes  do 
operate  on  the  entire  metallurgical  structure,  as  alternative 
fabrication  techniques.  Of  even  greater  significance  has  heen  the 
almost  Inherent  varlahllity  associated  vlth  the  voiding  pTOcess 
vhich  has  militated  strongly  against  its  use  in  fiahrlcation  of 
ultra  high  strength  rocket  motor  cases. 

However,  there  are  very  pursuasive  technical  as  veil  as  economic 
arguments  for  continued  study  and  development  of  veldlng  for  such 
demanding  areas  as  motor  case  fabrication.  For  exmqple,  tooling  is 
generally  simpler  and  less  expensive  for  veldlng  than  for  other 
shaping  techniques.  The  flexibility  of  the  process  with  respect  to 
short  production  runs,  accomodation  of  design  changes  during 
production  runs,  or  the  generation  of  unusvially  large  shapes,  is 
unexcelled.  In  addition,  the  cost  and  fozm  of  the  starting  material 
offer  asny  advantages.  Many  alloys  can  reach  a  condition  of  higher 


'when  processiiig  includes  hot  and/or  cold  rolling  into  sheet  form 
than  by  any  other  routs.  Ihus,  •while  it  is  true  that  spinning  and  deep 
dzecwing  plastically  operate  on  an  entire  structure  and  thereby  accord 
pz’omlBe  of  homogeneity^  these  processes  may  not  always  be  best  suited  to 
the  generation  of  optimum  mechanical  propezrtles.  If  the  manipulation 
and  control  of  the  welding  process  e-ver  reaches  the  station  of  true 
reliability,  there  is  every  reason  to  hope  that  thin-skinned  pressure 
vessels  could  be  'welded  more  cheaply  and  at  least  as  stro^raiidttoivtfh 
as  those  produced  by  moz’e  specialized  -techniques,  largely  because  welding 
takes  advantage  of  a  processing  history  in  rolled  sheet  which  is  often 
identified  with  the  best  mechanical  properties  a  given  material  has  to 
offer. 


Relihbllit'y  in  ■welding  -will  have  -to  be  preceded  by  a  deeper 
understanding  of  the  Interplay  of  thermal,  metallurgical,  and  mechanical 
phenomena  which  are  involved.  Much  more  systematic  study  of  the  relation 
of  processing  variables  to  resulting  structures  and  properties  Is  needed 
to  accompany  the  recent  advances  in  -the  gadgetry  and  mechanlstles  of 
'welding. 

II.  HE4T  FLCW 


Fusion  'weldiisg  is  primarily  a  thermal  process.  Xhe  cooling  rates 
and  dlstrlbfitions  of  peak  temperattires  associated  'With  moving  arcs 
ha-ve  much  -bo  do  w1.th  the  resxxlting  structvires  and  properties  and  the 
genesis  of  defects.  When  heat  flow  from  a  single  veld  pass  in 
relati-vely  thin  sheet  material  is  considered,  there  sire  two  go-vemlng 
relationships  which  quite  describe  the  thermaQ  situation  Insofar  ais 
the  development  of  metallurgical  structxaes  is  concerned.  Of 
primary  Interest  is  the  distribution  of  peak  tempexmtures  expressed 
as  a  function  of  distance  from  -the  veld  fusion  line.  Ihe  following 
equation  gives  -the  maxlnami  or  peak  temperature,  experienced  at 

a  'isolnt  in  the  heat  aiffected  zone  m  a  function  of  distance,  r, 
fKm  the  weld; 


P 


tt  ^ 


/ 


(Equation  1) 


neltlng  tenperature  and  Initial  (xuilfoxia) 
temperature,  respect Irely. 
density,  specific  heat,  and  thickness, 
respectiyely,  of  material  being  velded. 
arc  travel  speed. 

distance  from  veld  fusion  boundary 
arc  pover 

arc-to-plate  heat  traxisfer  efficiency,  usually 
the  order  of  0.9. 


Equation  (l)  is  plotted  for  a  variety  of  5OOO  series  aluminum 
alloys  In  Figure  1  vlth  experimental  peak  temperature 
determinations  superposed.  Equation  (1)  Is  especially  useful 
In  that  knowledge  of  thermal  conductivity  is  fortunately  not 
required,  and  data  on  density  and  specific  heat  are  generally 
available.  When  a  welding  process  involves  a  novel  heat 
source,  or  the  properties  of  the  material  are  not  well  known, 
experimental  determinations  of  peak  temperature  distribution 
can  readily  and  accurately  be  made  using  temperature':  sensitive 
lacquers  in  transverse  stripes  across  the  veld  as  depleted  in 
Figure  2.  Whatever  the  metal,  plotting  In  terms  of  the 
coordinates  of  Figure  1  vlll  always  lead  to  a  straight  line 
correlation  fbr  the  particular  material  and  process  coiribltta- 
tlon  being  used. 


Vlth  materials  such  as  hl^  strength  steels.  In  which 
structures  are  sensitive  to  cooling  rate  as  veU  as  to  peak 
tegqieratxires,  the  following  relation  is  often  useful, 
especially  in  correlating  preheat  requirements  with  sheet 
thickness  and  arc  energy  input: 


^<9 


(Equation  2) 


cooling  rate  In  the  veld. 

tea^rature  at  vhleh  cooling  rate  le  to  be  deternined, 
usually  selected  In  the  critical  range  between  90O  and 
l4oo^F  fbr  nost  steels. 

Initial  or  preheat  temperature 
thermal  conductivity  of  material  being  velded. 

These  equations  are  not  on^  descriptive  of  the^veld  thermal  regime,  but 
give  a  clearer  Idea  of  the  extent  to  vhleh  process  variation  can  modify 
struetxiral  effects.  FOr  example.  It  Is  often  stated  that  hlcd^  arc  travel 
velocity  vUl  automatically  generate  narrov  heat  affected  zones  and  hifid^ 
cooling  rates.  Equations  (1)  and  (2)  show  It  Is  the  ratio  of  arc  power 
t'O  arc  velocity  vhleh  la  slg^fleant,  and  If  Increased  velocity  Is 
accompanied  vl'Ui  Increased  amperage  as  Is  often  the  case,  there  vUl  be 
little  Influence  on  peak  temperatiire  distribution  or  cooling  rate,  jand 
therefore  upon  either  the  vldth  or  structure  of  the  heat  affected  zone. 

On  the  other  hand,  la  coogmorlng  different  processes,  energy  Inputs  may 
be  quite  different.  Tor  example,  high  voltage  electron  beam  la 
eharaeterii^d  by  a  aaeh  lover  total  energy  Iqput  than  an  are,  and  heat 
affected  zones  nay  be  alpmtflcaatly  narrower  aa  a  reaxilt. 

Equations  (1)  and  (2)  are  particularly  useful  to  the  research 
vorker  fbr  making  quantitative  correlations  between  structures  and 
procedures  in  fhslon  welding. 

m.  VELD  KSCAL  gSEDCTURES. . 

Are  deposited  metal  has  a  structure  which  Is  directly  Influenced 
by  the  thezeml  regime  described  by  Equations  (1)  and  (2),  but  the 
relationships  of  structure  to  properties  and  of  procedure  to  structure 
cure  not  nearly  so  veil  tinderstood  for  the  veld  metal  Itself  as  fbr 
the  hbat  affected  zone.  The  cooling  and  solidification  rates  are  so 
high  that  veld  metal  structures  must  be  treated  as  unique  to  the 
processing  field.  Arc  deposits  freeze  more  rapidly  than  the  most 
severely  chilled  thin  vailed  castings,  and  fine  dendritic  structures 
are  produced  such  as  shown  In  Figure  3  fbr  2014  aluminum  alloy.  It 
Is  felt  the  same  basic  type  of  structure  prevails  In  other  alloy 
systems  including  the  steels,  but  In  many  of  these,  the  solidification 
details  and  distribution  of  alloying  elements  are  so  obscured  by 
subsequent  solid  state  transfonaation  that  dendrite  configurations  cure 
difficult  to  resolve. 


where 

r= 


^  - 
/C“ 


Different  alloy  eyetema  give  sonewhat  different  textures 
than  that  ahovn  In  Figure  3.  For  exu^ple,  nlckel-rlch  alloys 
invariably  exhibit  side  branching  from  long  rod-like  dendrites. 

All  systems  ttudled  to  date  have  in  ccamiDn  very  fine  dendrite 
structure  and  dispersion  of  solute  concentrations  or  secondly 
phases.  In  fact  it  begins  to  appear  that  arc  deposition  accord 
greater  macroscopic  <aienleal  honDgenelty  than  any  other  processing 
technique.  Ihe  scale  of  mlcrosegregatlon  and  dendrite  spacing 
is  the  order  of  a  few  microns,  and  very  brief  solutionlzlng  or 
austenitizing  treatments  will  beget  almost  complete  honDgenelty. 
One  relationship  which  has  been  observed  between  weld  netsl 
structures  and  thermal  conditions  is  reflected  in  Figure  4  which 
shows  the  effects  of  arc  energy  input  on  dendrite  dimensions. 

As  would  be  expected,  norm  rapid  freezing  produces  finer  dendrites; 
and  the  quantitative  theoretical  prediction  that  spacing  should 
be  proportional  to  the  square  root  of  arc  energy  input  is  fairly 
well  conflzmed  by  es^rlment.  The  effect  of  dendrite  spacing 
on  speed  of  solutionlzlng  Is  evident  in  Figure  ^  which  shows  the 
response  of  2014  arc  deposits  to  short  solutionlzlng  treatments. 

Of  Interest  are  (a)  the  magnitude  of  the  solutionlzlng  times, 

3  and  13  minutes,  and  (b)  that  for  very  low  energy  arc  deposits, 
solidification  rates  and  dendrite  fineness  are  such  that  3 
minutes  accomplishes  complete  solutionlzlng,  while  with  higher 
energy  inputs,  13  minutes  asre  required.  To  achieve  this  same 
degree  of  hamogenelty  (as  reflected  in  strength  or  hardness) 
a  casting  requires  solutionlzlng  for  a  period  the  order  of  one 
week.  Thus,  it  hardly  seems  proper  to  refer  to  weld  metal  as 
exhibiting  a  "cost"  structure;  the  structures  of  arc  deposits 
are  as  different  frcmi  castings  as  wrought  material,  and  a  new 
"set  of  rules"  will  be  required  to  describe  their  structures 
and  properties. 

IV.  CGMPOSITE  FROFERIIES  OF  VELDS 

When  the  structures  in  weld  metal  and  heat  affected  zones 
are  linked  together  in  transverse  loading,  the  resulting  overall 
strength  and  defbnmtlon  pattern  depend  not  only  on  individual 
plasticities  and  strengths  of  the  critical  regions,  but  their 
anxtual  constraints.  One  hmportaiit  and  poorly  understood  factor 
influencing  composite  properties  is  that  chemically  Identical 
arc  deposited  and  wrouf^  material  are  mechanically  different, 
especially  as  relates  to  their  post  yield  plastic  behavior. 


Cold  voirked  altonlmnn-aagnesitiB  (5000  series)  alloys  have  recelTSd 
much  study  In  connection  vlth  the  orerall  plastic  and  strength  properties 
of  welded  Joints.  Hardness  distributions  typical  of  cold  worked  material 
which  has  been  welded  are  shown  in  Figure  6.  Increasing  arc  energy 
input  has  the  effect  of  widening  the  heat  affected  zone  In  conformance 
with  Eq[uatlon  (1)  and  decsreaaes  the  centerline  hardness  of  the  fusion 
zone^  a  property  which  apparently  depends  upon  dendrite  spacing.  Ihe 
dependence  of  minimum  fusion  zone  hardness  on  arc  energy  Input  for 
various  5000  series  combinations  is  shown  in  Figure  f,  and  other  hardness 
distributions  are  shown  In  Figure  8.  From  a  metallurgieal  point  of  view  It 
It  is  of  interest  that  hardness  dlstributloxas  shown  in  Figures  6  and  8 
do  not  correspond  in  any  obvious  way  to  the  plastic  behavior  of  the 
same  welds  under  simple  transverse  tezision.  Consider  a  weld  of  matching 
chemistry  ..in  fully  annealled  5I54  plate  which  exhibits  essentially  no 
hardness  variation  across  the  weld  (Figure  8) ;  the  weld,  heat  affected, 
and  base  metal  zones  are  all  of  about,  the  same  hardness.  When  tested 
in  transverse  tension,  the  strain  Is  concentrated  within  the  veld 
metal  to  a  marked  extent  (Figure  9).  Another  feature  common  to  strain 
distributions  in  these  alloys  are  the  observed  in  the  heat 

affected  zones  ismsdlately  adjacent  to  the  weld  metal;  there  seesm  to 
be  a  constraint  to  flow  In  the  region  of  the  fusion  zone  boundary. 

With  soam  hardenable  steels,  exactly  the  opposite  behavior  is 
observed.  With  matching  chemistry  and  heat  treatsmxt,  weld  metal  In 
steels  such  as  4130  exhibits  less  plastic  flow  under  transverse  loading 
than  does  the  sxuroundlng  wrought  material. 

These  observations  are  offered  to  empibasize  the  need  for  further 
basic  research  Into  ihe  properties  of  arc  deposits  and  the  problems 
involved  in  matching  mechanical  behavior  of  are  deposits  with  chemically 
similar  wrought  material. 

V.  WELDIHO  STRESSES  AES  CRACKING 

In  addition  to  modifying  metallurgical  structures,  the  fact  of 
welding  imposes  strains  xqpon  these  structures  with  consequences  which 
depend  upon  the  strength  and  plasticity  of  the  veld  and  heat  affected 
zones.  There  Is  a  critical,  intezplay  between  the  strength  of  the 
deposit  itself  and  the  loading  or  cracking  of  material  in  either  the 
fusion  or  heat  affected  zones  of  the  weld.  With  hardenable  steels, 
cooling  rate  ,  not  only  has  a  bearing  on  structures  and  their  ability 
to  vlthstaat  plastic  strain,  but  also  Influences  the  rate  with  which 


thenaal  contraction  Ijaypoaes  loads  on  tha  veld  and  the  teagperature 
at  vhlch  the  veld  accepts  the  greatest  aaount  of  plastic  strain. 

In  general,  hl^  arc  energy  Inputs  and  high  preheat  teoperatures 
promote  (1)  greater  overall  stialn,  (2)  hl£^r  strain  rate,  and 
(3)  straining  takes  place  at  relatively  hlc^r  teaperatures.  In 
the  lloiit,  vith  very  hl^  preheat  or  Intexpass  teaperatures, 
sufficiently  large  strains  nay  he  iaqposed  hefoxv  solidification 
is  complete  to  cause  hot  cracking  in  the  veld  netal  itself.  Since 
these  same  variahles  influence  the  structures  produced,  the 
relationship  of  filler  cog^sltlon,  veld  thermal  varlahles  and 
resulting  stresses,  strains,  and  cracks,  are  only  vaguely  under¬ 
stood.  Some  of  the  dependencies  vhich  have  been  observed  for 
hardenable  steel  are  shown  in  Figures  10  and  11.  In  Figure  10, 
the  effect  of  deposit  strength  on  the  incidence  of  cracking  is 
shown  for  a  veld  lAlch  vas  restrained  from  lateral  contraction 
during  and  after  veldlng.  Ohe  strong  filler  produced  hlc^er 
separating  forces  and  earlier  initiations  of  cracking  than  did 
the  soft  filler.  Preheat  avoids  cracking  even  with  a  high 
strength  filler,  and  insufficient  preheat  has  the  effect  of 
Imposing  a  delay  to  the  initiation  of  cracking  over  that  observed 
vhen  no  preheat  is  used;  these  effects  are  shown  in  Figure  11. 
Ihese  phenomena  threaten  to  be  the  most  difficult  of  all  In  the 
veldlng  field  to  rationalize,  because  of  the  ccsvlicated  and 
simultaneous  vays  in  which  thermal  variables  influence  mechanical 
and  metallurgical  responses.  The  development  and  tailoring  of 
filler  netal  alloys  for  Joining  hlc^  strength  crack  sensitive 
steels  vlU  certainly  benefit  from  more  clear  understanding 
of  the  multiplicity  of  events  whldi  accoapanlaa  the  deposition 
of  an  arc  veld. 

VT,.  caHCUlSIOg 

Ohere  is  strong  need  for  bMic  phenomenal  ogl cal  research 
into  thezmal,  mechanical,  and  metallurgical  reactions  asaociated 
with  and,  in  some  ways,  peculiar  to  arc  veldlng.  Arc  veldlng  is 
a  fundamentally  complicated  procese,  many  aspects  of  vhich  are 
only  qualitatively  understood,  but  it  is  here  to  stay,  and  viU 
always  be  of  importance  in  the  fabrication  of  strength 
atructuree  from  sheet  materials. 


PHOTOGRAPH  SHOWING  THE  RESPONSE  TO  WELDING  HEAT  OF  LACQUERS 
WHICH  ARE  SENSITIVE  TO  VARIOUS  TEMPERATURES 
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FIGURE  2 


ARC  DEPOSIT  IN  20m  ALUMINUM  ALLOY 
TOP:  PARALLEL  TO  WELD  AND  PERPENDICULAR  TO  PLATE  SURFACE 

BOTTOM:  PARALLEL  TO  PUTE  SURFACE 

ENERGY  INPUT:  9300  JOULES/ INCH 

MA JN  IF  ICATI ON  300X  KELLER ’S  DOUBLE  ETCH 


(suojDiuj)  SupDds  aiMpuao 
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FIGURE  4 


EFFECT  OF  ARC  EHK6Y  INPUT  OH  DENDRITE  SPACING  IN  2014  ALUMINUM  AUOY 
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FIGURE  5 


FIGURE  6 


Hordness,  Rb 
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THE  EFFECT  OF  ARC  EHERQY  INPUT  ON  CENTERLINE  HARDNESS 
IN  THE  WELD  »CTAL 
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FIGURE  7 
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FIGURE  8 


TYPICAL  TRANSVERSE  WELD  HARDNESS  DISTRIBUTIONS 
IN  5000  SERIES  ALUMINUM  ALLOYS 
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FIGURE  9 


ENERGY  INPUT  26,100  JOULES/IN. 
WELD  LENGTH  4  IN. 
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FIGURE  I  I 


EFFECT  OF  PREHEAT  OR  THE  JRCIDERCE  ARO  TIME  DELAY  OF  CRACKIH6 

FILLER  A  CONTAINS  0.30^  CARBON  AND  FILLER  B,  0.0^ 

CARBON:  USED  IN  WELDING  0.301  CARBON,  MANGANESE-MOLYBDENUM  STEEL 


I 


FUSION  WELDD^  HIGH-STRE!iGTH  TITANIUM  SHEET 

by 

Carl  E.  Hartbover 


ABSTRACT 

The  welded  strength,  ductility  and  touj^ess  of  three  DOD 
Titaniian  Alloy  Shebt  Rolling  Program  Materials  in  veurious  con¬ 
ditions  of  heat  treatment  axe  compared  using  low-energy  inert- 
gas-ahlelded  consumable-electrode  (MIG)  welds  made  with  Watertown 
Arsenal  Laboratories*  procedure  and  high-energy  inert-gas- 
shielded  non-consumable-electrode  (TIG)  welds  made  with  more-or- 
less  typical  Industrial  procedure.  (Hie  principal  difference  be¬ 
tween  the  Watertown  AreenaLL  Laboratories*  procedure  and  industri¬ 
al  procedure  is  that  Watertown  Arsenal  Laboratories .uses  as  low 
an  energy  input  and  as  high  an  inert -gas  flow  rate  as  is  con¬ 
sistent  with  good  practice;  whereas,  Industry  uses  relatively 
high  energy  input  and  low  gas-flow  rates* 

Welding  in  the  solution-treated  condition  and  then  aging 
after  welding  gave  good  tensile  properties  in  all  three  compo¬ 
sition  types.  The  tensile  properties  were  con5>etitive  (on  a 
strength/weight  basis)  with  steel  at  2^10,000  to  260,000  psi 
yield  strength  regardless  of  the  welding  process  used.  Tensile 
ductility  of  all  welds  in  the  aged  condition  was  low,  with  very 
little  \mlform  elongation.  However,  fracture  tou^^ess  did  not 
correlate  with  tensile  elongation.  Hie  low-ehergy  MIG  pro¬ 
cedure  gave  consistently  satisfactory  fracture  toughness  in  the 
welded-aud-aged  condition  in  all  three  alloys; ' whereas,  TIG 
resulted  in  a  severe  embrittlement  in  the  welded-and-aged 
Ti-2.5Al-l6v  alloy.  In  the  Jilgh- strength  welded-and-aged  con¬ 
dition,  G  values  of  800  to  1000  in-lb/in^  were  obtained  with 
the  MIG  procedure. 

.  s . 

Mr.  Hartbower  is  Chief  of  the  Metals  Joining  Branch,  Watezdx:>wn 
Arsenal  Laboratories. 


The  opinions  or  assertions  contained  herein  are  the  private  ones 
of  the  authors  and  sore  not  necessaorlly  to  be  construed  eus  offi¬ 
cial  or  reflecting  the  views  of  the  Department  of  the  Army* 


This  is  a  condensed  version  of  a  paper  entitled  "Low-Energy 
Fusion  Welding  of  Titanium  Alloys^'  by  C.E.  Hartbower; 

M.M.  D*Andrea,  Jr.;  and  G.M.  Omer,  scheduled  for  publication  in 
The  WELDING  JOURNAL  in  196I. 
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INTRODUCTION 


An  eaorlier  study  of  the  feasibility  of  velded.  titanium 
i?heet  for  missile  applications  found  that  (l)  as-welded  tensile 
properties  were  generally  satisfactory  with  the  excepticm  of 
low  tensile  ductility  in  some  of  the  materials  investigatedj 
(2)  100^  tensile  Joint  efficiencies  were  cpnslstently  obtained  , 
in  welding  mlll.-annealed  sheet  alloys  ai^d  (3).  notch  sensitivity 
appeared  to  be  a  problepi,  particularly  after  weliLng,  with 
marked  variations  in  notch  sensitivity  from  l^eat-to-heat  in  a 
given  coiig>oeitlon  type. 

Ihe  overall  objective  of  this  investigation  was  to  deter¬ 
mine  the  welded  strength^  ductility  and  tou£^ess  of  three  De- 
parti^t  of  Defense  Tltahivnn  Alloy  Sheet  Bolling  Program 
Materials  in  various  conditions  of  heat  treatment  using  both 
low-e^rgy  inert-gas-shlelded  consumable  electrode  (MIO)  and 
high-energy  inert-gas-shlelded  non-consumable  electrode  (TIG) 
processes. 

About  two  years  ago^  it  was  observed  that  the  procedtires 
generally  used  by  Industry  in  welding  titanium  sheet  are 
radically  different  from  those  ^lsed  by  the  Metals  Joining 
Branch  of  Watertown  Arsenal  Laboratories  in  three  respects; 

(1)  First;  Watertown  Arsenal  Laboratories  uses  the  con¬ 
sumable  electrode  process  (MIG)  wherever  possible;  \diereas;  in¬ 
dustry  tends  to  use  the  tungsten-inert-gas  process  (TIG)  even 
for  Opiate  1/4  to  i/2  inch  thick. 

(2)  Second;  Watertown  Arsenal  Laboratories  uses  as  low 
an  energy  input  as  possible;  vtereatB,  Industry  with  the  TIG 
process  at  low  travel  speeds  usually  uses  relatively  high 
energy  Inputs. 

(3)  And  third;  Watertown  Arsenal  Laboratories  uses  a  high 
inert-gas  flow-rate  (lOO  cfh  or  higher  of  HeUum  Argon  mlx- 
t\ire);  \diereas;  Industry  generally  uses  about  20  cfh  of  argon. 


Reference:  'feasibility  of  Titanium  for  Welded  Missiles"  by 
C.E.  Hartbower;  G.M.  Ozner  and  D.M.  Daley;  The  WELDING  JOUEOUL; 
Vol.  38(9),  P.  345-8;  September  1959  (WAL  TR  401/30I;  August 
1958). 


Hhen  It  vms  first  realized  that  Indtistrlal  practice  vas 
generally  different  from  that  of  the  Vatertovn  Arsenal 
Laboratories,  the  natter  vas  discussed  vlth  people  dn  Industry 
In  an  attempt  to  find  out  \d3y  there  are  such  marked  procedural 
differences.  13ie  concenstus  seemed  to  be  that  most  Industrial 
applications  Involved  manual  welding  and,  therefore,  practical 
considerations  dictate  TIG  with  relatively  slov  arc -travel 
qpeeds.  ^  low  gas-flov  stem  from  economical  considerations 
and  a  desire  to  avoid  turbulent  gas  flow. 

Ihe  welding  conditions  used  by  Watertown  Arsenal  Labora¬ 
tories  had  evolved  from  several  years  of  titanium  welding  re¬ 
search.  me  principal  argument  was  that  low-energy  welding 
with  fast  arc-travel;  speeds  and  high  gas-flow'^rates  assure  less 
general  heating  of  the  weldment,  faster  cooling  rates,  and 
shorter  times  at  elevated  tenqperature  -  all  of  which  are 
necessary  conditions  to  minimize  air  contamination  idien  weld¬ 
ing  titanium  In  open  air  (Watertown  Arsenal  Laboratories  has 
never  used  a  chanber). 

Thus,  a  secondary  objective  was  to  compare  the  mechanical 
properties  and  chemistry  of  low  energy  MIG  welds  made  with 
Watertown  Arsenal  Laboratories  procedure,  with  hlfi^-energy  TIG 
welds  made  with  more-or-less  typical  Industrial  procedure. 

The  sheet  alloys  Investigated  were  taken  from  the  DOD  Ti¬ 
tanium  Alloy  Sheet  Rolling  Projgxam?iend'  consisted  of  l/8-lnch 
thick  Ti-6A1-Uv,  Ti-2.5Al-l6y  and  Ti-4Al-3Mo-IV  sheet.  Both 
unalloyed  and  matching  filler  wire  were  used  in  welding 
Tl-6Al-4Vj  ;Only  xmalloyed  wire  vas  used  In  welding  Tl-2.$Al-l6v 
and  T1-UA1-3N3-1V.  (A  detailed  listing  of  heat  numbers  and 
chemistry  may  be  found  in  Table  VIII). 


BOroiMlHTAL  fROCKDDREB 
Welding 

Table  I  sujimarLzes  the  conditions  used  for  MIG  and 
TIG  welding.  The  conditions  for  TIG  welding  were  selected  to 
be  representative  of  those  generally  used  by  Indiustry  and  the 
MIG  welding  conditions  are  those  recoomiended  by  the  Metals  Join¬ 
ing  Branch  of  the  Watertown  Arsenal  Laboratories.  Basically, 
the  difference  between  the  two  procedures  vas  that  the  low- 
energy  MIG  weldi^  was  done  In  one  pass  at  a  travel  speed  of 
73  In/mLn  (In  l/8-ln*  thick  sheet)  with  a  high  gas-flov  rate  of 

Refexence:  BMIC  Report  U6  H  dated  1  June  i960. 


150  cjETi  (He+A)  IsBiiing  from  the  torchj  •vdiereas,  the  high- 
energy  TIG  welding  was  done  in  two  passes  at  a  travel  speed 
of  only  10  in. /min  and  a  gas-flow  rate  of  only  20  cfh  (Argon) 


Preparatory  to  welding,  the  Joint  edges  for  most  of  the 
weldments  were  cold  degreased  and  then  wire  hrushed.  Late  in 
the  investigation,  because  of  excessive  porosity,  there  was  a 
change  in  procedure;  viz.,  after  cold  degreasing  and  wlz% 
■brushing,  the  edges  were  pickled  Just  prior  to  welding. 


Table  II  presents  the  various  heat  treatments  and  welding- 
heat  treatment  sequences  Investigated.  Note  that  in  euidltlon 
tQ  welding  the  materials  in  the  solution-treated  condition  and 
then  testing  in  the  as-velded  condition,  the  materials  were  adso' 
aged  before  and  eifter  welding. 

Testing 

Various  mechanical  tests  were  conducted  to  provide  a 
basis  for  comparing  the  three  coagjosltion  types,  the  various 
conditions  of  heat  treatment,  and  the  MIG  and  TIG  welding  pro¬ 
cedures.  Tensile  data  were  obtained  with  the  ASTM  atandard 
rectangular  tension  test  specimen  Ed-57T.  Welds  were  tested 
both  longitudinal  and  transverse  to  tensile  loading.  The  longi¬ 
tudinally  welded  specimens  Included  both  heat-affected  base, 
metal  aind  deposited  weld  metal  (the  weld  deposits  were  approxi¬ 
mately  wide  at  the  face;  the  tensile  specimens  were 

l/2-in.  wide).  To  determine  the  distribution  of  plastic  flow 
in  and  around  the  welds  and  fractures,  a  photo-grid  (0.05-ln. 
spacing)  was  used  on  the  tensile-specimen  surfaces.  Tests  were 
made  with  weld  reinforcement  both  on  and  meu:hined  off. 


A  variety  of  fracture -toughness  tests  were  conducted. 
Among  the  tests  that  are  generally  8u:cepted  as  meaningful  is 
the  Irwin-KLes  Gc  test.  Gc  is  generally  determined  by  means 
of  a  centrally  notched  tensile  specimen,  with  the  notch  me¬ 
chanically  sharpened  at  the  ends.  In  this  investigation  the 
Gc  tensile  specimen  contemned  a  transverse  weld  with  the  notch 
centered  on  the  weld.  In  addition  to  the  Gq  tensile  test  for 
fracture  toughness,  V-notch  Charpy  tests  were  conducted.  It 
has  been  demonstrated  that  the  V-notch  Charpy  impact  test 
using  a  single-thickness  edge-notched  specimen  may  be  used 
for  testing  sheet  in  thicknesses  down  to  about  Uo  mils'"’.  One 
of  the  principal  advantages  of  the  Charpy  test  over  .the  Gc 
test  is  that  the  Cheupy  can  be  conducted  readily  over  a  range 


Reference:  G.M.  Omer  and  C.E.  Hartbower  An  Engineering 
Evaluation  of  Notch  Sensitivity  in  High  Strength  Sheet  ^te- 
terlcLLs  VAL  Report  TR  405*l/l  dated  March  19w;  also  a  con¬ 
densed  version  in  The  WELDING  JOURNAL,  Vol.  39(4),  p.l47-8 
(April  19^). 
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of  testing  tes^ratures  at  both  slow  and  Isqpact  rates  of  load¬ 
ing.  The  principal  dlsadvantag;e  of  the  Charpy  vhen  tested  vlth 
a  standard  lO-mli  radius  V-notch  Is  that  fictitiously  hLgh 
energy  values  are  sonetltaes  obtained  In  brittle  materials.  In 
fact,  vhen  using  the  standard  Chaxpy  V-notch  and  fracture  Is' 
brittle,  there  Is  an  elastic -energy  loss  that  In  spio^  In¬ 
stances  la  so  large  peTCentagevlse  that  It  overshadovs  all 
other  sources  of  energy  ab  section  combined*.  Chaxpy  speci¬ 
mens  vLth  natural  cracks  have  been  tested  In  some  veld-base 
metal  combinations  to  eliminate  the  problem  of  excess  elastic- 
strain  energy.  Moreover,  by  separating  the  energy  to  Initiate 
cracking  from  the  energy  to  propagate  cracking.  It  Is  possible 
to  assess  fract\ire  toughness  In  terms  of  energy  per  unit  of 
fracture- surface  area  (in-lb/ln^).  Tests  of  precracked  Chaxpy 
specimens  provide  data  that  are  directly  proportional  to  Gq 
data  obtained  from  center-notched  tensile  tests. 

BOTOIMENTAL  RESULTS 

Tensile  tests,  Tl-6dl-4v 

Tensile  data  vere  obtained  using  the  A9IM  standard 
rectangular  tension  test  specimen  E8-57T.  Table  III  presents  * 
the  data  for  T1-6A1-4v  transversely  velded  by  the  MIG  and  TIG 
processes  using  both  unalloyed  and  matching  filler  vlre.  Note 
at  the  t(q;>  of  the  table,  as  a  basis  of  conparlson,  data  are  in¬ 
cluded  for  unvelded  sheet. 

With  fflUl-annealed  sheet  In  the  as-velded  condition, 
failure  alvays  occurred  In  the  base  metal  beyond  the  veld  heat- 
affected  zone  (HAZ).  As  vould  be  expected,  there  vas  little  or 
no  difference  betveen  the  solutloxilzed-and-velded  and  the  so¬ 
lution!  zed-aged-axid-veided  conditions.  Aging  after  voiding,  on 
the  other  hand,  produced  a  decided  strength  advantage.  Note 
that  the  tensile  Joint  efficiencies  obtadned  vlth  unalloyed  and 
matching  (6a1-4v)  filler  vlre  vere  not  significantly  different. 
Particularly  noteworthy  Is  the  slight  difference  betveen  MIG 
I  ^  and  TIG  test  results.  In  general,  the  tensile  elongation  values 

as  measured  over  a  tvo-inch  gage  length  vere  poor  for  both  the 
MIG  and  TIG  velded  vlth  both  unalloyed  and  matching  filler  vlre. 


:ir 

1 


*Reference;  Sagamore  C^erence,  5th  Session  Paper  'DYNAMIC 
NOTCHED  SCREENING  TESTS*  discussion  by  Oxner  and  Haxtbover. 
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It  shoxild  te  .  noted  in  connection  vith  Table  III  and  the 
following  tables,  that  l40,000  psi  yield  strength  in  titaniixm 
is  con5>etitive  with  steel  at  approximately  240,000  psi  on  a 
strength/weight  basis. 

Table  IV  presents  the  data  for  Ti“6Al-4v  using  longitudir 
nedly  welded  test  specimens.  With  the  weld  oriented  parallel 
to  the  direction  of  tensile  (uniaxial)  loading,  weld  metal, 

HAZ  and  base  metal  are  forced  to  strsdn  the  same;  whereas,  in 
a  transversely  welded  teat  specimen,  practically  all  of  the 
stredn  can  occur  in  thie  weld-joint  con5>onent  having  the  lowest 
flow  strength.  Thus,  in  the  longitudinally  welded  tensile 
specimens,  both  deposited  weld  metal  and  heat-affected  base 
metal  are  under  test  (the  deposits  were  approxlmetely  3/8*’ln* 
wide  at  the  weld  face,  in  a  l/2-ln.  wide  test  section). 

The  results  obtained  with  the  longitudinally  and  trans¬ 
versely  welded  tensiles  were  very  nearly,  the  same  -  with  two 
exceptions;  viz.,  ,(l)  the  TI6  welds  with  vinalloyed  filler  had 
substantially  lower  yield  strengths  than  any  other  conditions 
tested,  and  (2)  the  tensile  elongation  values  were  substantial¬ 
ly  lower  in  .the  transversely  welded  tests. 

In  the  case  of  the  transversely  welded  tensiles  (Table 
III),  it  will  be  noted  that  most  of  the  failxires  occurred  at 
the  weld  fusion  line.  Fusion-line  porosity  was  evident  in  the 
fracture  surfaces  of  all  such  specimens.  In  the  case  of  the 
MIG  welds,  the  porosity  (as  noted  by  X-ray)  consistently 
occvirred  at  the  fusion  line;  vdiereas,  the  TIG  welds  were 
characterized  by  general  porosity,  with  fine  linear  porosity 
associated  with  the  root  gap  location.  The  fact  that  both 
the  MIG  and  the  TIG  procedures,  as  widely  different  as  they 
were,  were  attended  by  porosity,  sviggested  that  the  problem  was 
the  resvilt  of  some  procediu:al  variable  common  to  both  processes 

In  the  final  stages  of  the  HAL's  investigation,  an  atteng^t 
was  made  to  eliminate  porosity  by  pickling  after  cold  degreas¬ 
ing.  This  change  in  procedure  was  high  successful  in  elininat 
ing  porosity  from  both  the  MIG  and  TIG  welds.  It  is  very  in¬ 
teresting  that  eO-though  the  fractiire  location  changed  from  the 
fusion  line  (with  porosity)  to  the  weld  metal  (see  data  columns 
with  asterisks  in  Table  III),  there  was  only  a  slight  im¬ 
provement  in  tensile  d\ictllity  \dien  porosity  wais  eliminated. 


In  September  1959>  the  Jet  Propulaion  Lahoratory  re¬ 
ported  the  tise  of  Ti-6Al-4v  in  the  4th  stage  of  a,  successful  I 
Ixmar-probe  fll£^t*  In  the  R&D  preceedlng  fabrication  of  the 
eu:tual  motor  case^  JPL  encomtered  veld  porosity  in  spite  of 
scri^ulous  cleaning  techniques*  Five  motor  cases  vith  knovn 
areas  of  veld  porosity  vere  hydrostatically  tested  to  rupture* 
In  no  case  coiild  fracture  he.  associated  vith  the  porosity* 
Several  other  cases  \Aiich  contained  veld  porosity  (rejectahle 
hy  radiographic  standeuds)  vere  proof  tested  and  statically 
fired  successfully** 

Because  the  tensile  elongation  measured  over  a  2-ln* 
gage  length  vas  so  low  in  the  transversely  velded  tensile 
tests,  a  grid  vas  photographically  reproduced  on  a  nuoiber  of  > 
tensile  specimens  to  determine  the  dlstrlhutlon  of  plastic  de¬ 
formation  in  and  arovmd  the  veld  and  fracture*  Figure  1 
shovs  the  distribution  of' strain  in  mill-annealed  T1-6a1-4v 
sheet  containing  a  transverse  Joint  in  the  as-velded  condition* 
The  location  of  the  veld  is  indicated  by  a  rectangular  block  on 
the  abscissa;}^.'; distance  is  measured  txam  the  location  of  frac- 
ttire* .  Note  the  large  values  of  elongation  measured  over  a  very 
short 'gage  length  (grid  spacing  0*09  in*)  in  the  vicinity  of 
the  fractTire  (approximately  30%  as  compared  vith  11^  elonga¬ 
tion  over  a  2-ia*  gage  length}*  Figure  2  shovs  a  very  differ¬ 
ent  situation  vhen  the  material  is  aged  either  before  or  after 
velding*  Practically  all  of  the  p^stic  deformation  occurred 
in  the  veld  Joint,  vith  little  or  no  vulfona  elongation*  It 
viU  be  shovn  later  that  these  lov  values  of  tensile  elongation 
do  not  correlate  vith  notch  toughness*  Vith  the  veld  longi¬ 
tudinal  (Figure  3),  there  vas  generally  more  uniform  e^rOnga- 
tlon;  hovever,  vith  matching  filler  vlre  there  vas  a  definite 
trend  tovard  less  ductility* 

Tensile  tests,  4a1-3Mo"1V 

Table  V  presents  the  data  for  Ti-4Al-3Mo-lV  trans¬ 
versely  and  longitudinally  velded  by  the  MIG  and  TIG  processes 
using  unalloyed  filler  vire*  Note  that  the  tensile  p3xq>ertiee 
vere  approximately  the  same  as  those  obtained  vith  velds  in 
Ti-6Al-4v  sheet*  One  difference  betveen  Ti-6Al-4v  and 
Ti-4Al-3Mo-lV  is  notevorthy;  viz*,  that  the  Tl-4Al-3Mo-iV  gave 
approximately  the  same  strength  regardless  of  Aether  the  ma¬ 
terial  vas  aged  before  or  after  velding*  As  in  the  case  of 
T1-6a1-4v,  note  that  the  MIG  and  TIG  processes  resulted  in 
approximately  the  same  strengths. 

*  Reference:  JFL  ReTOrt  30-8  'Yielded  Titanium  Case  for  Sjpace- 
Frobe  Rocket  Motor  by  Brothers,  Boundy,  Martens  and  Jaffa, 
September  1999* 


Tensile  tests,  Tl-2.5Al-l6v 

Table  VI  presents  the  data  for  Ti-2.5Al-l6V  trans¬ 
versely  and  longitudinally  welded  by  the  MIG  and  TIG  processes 
using  unalloyed  filler  wire.  Note  that  if  useful  strengths 
to  be  realized^  the  weldments  must  be  aged  after  welding*  A 
con^orlson  between  the  unwelded  tensile  results  in  the  solution- 
treated  condition  and  the  soluticmlzed-and-welded  and  the  so- 
lutlonlzed-aged-and-welded  conditions  shows  that  welding  in 
effect  was  a  solutionlzing  treatment.  Note  that  again  the  TIG 
and  MIG  processes  developed  con^arable  strengthSj,  and  that  in 
the  aged  condition,  the  welds  &re  coiBpetttive  with  steel  at 
approximately  280,000  psl  yield  strength. 

Fracture  toughness  tests 

Tensile  tests  indicated  little  or  no  difference  between 
the  MIG  and  TIG  welding  procedures.  The  next  consideration  was 
that  of  fracture  toxighness.  Among  the  tests  that  are  generally 
accepted  as  meanlngfvil  is  the  Irwln-Kles  Gq  test.  In  this  in¬ 
vestigation  a  6-lnch  wide  Gq  tensile  specimen  was  notched  In  the 
deposited  weld  metal.  Ink  staining  was  used  to  define  the  length 
of  the  crack  prior  to  fast  fracture.  Because  of  the  narrowness 
of  the  weld  Joint,  the  propagating  fracture  was  free  to  run 
either  In  the  weld  metal  or  in  the  HAZ. 

It  is  interesting  to  note,  as  a  basis  of  con9>arlson,  that 
DMIC  report  Il8  dated  12  October  1959>  dlscusslxig  materials  for 
construction  of  motor  cases  for  the  Polaris  missile,  stated  that 
a  Gc  valvte  of  1000  has  been  set  as  a  tentative  mlnlmim  for  rocket  > 
case  base  materials.  Weld  Joints  in  AMS  6434  steel  at  a  yield 
strength,  of  approximately  900,000  pel  were  observed  to  have  Gc 
vedues  in  the  range  of  ^00  to  800. 

Table  VII  presents  the  G^  tensile  data  for  the  three  ma¬ 
terials  investigated.  Note  that  with  the  exception  of  the  aged- 
ond-welded  4a1-3Mo-1V  and  the  TIG  welded-and-aged  2.^Al-l6V,  the 
Gq  values  were  very  promising  (as  compared  with  the  Gc  values 
usually  obtained  in  steel  at  strength  levels  in  excess  of  SSOtOOO 
psl  yield).  Note  that  in  three  veld-base  meted  combinations,'  -bhe 
filG  welds  were  decidedly  s\g>erior  to  the  TIG  welds;  in  two  combi¬ 
nations,  the  14IG  and  TIG  welds  were  approximately  equivalent;  and 
in  the  two  remednlng  combinations  investigated,  the  TIG  welds  were 
decidedly  superior  to  the  MIG  velds. 
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Porosity  appears  to  have  had  a  more  definite  effect  on 
fracture  toughness  than  on  tensile  properties.  For  example, 

MIG-welded  6Al-4y  in  the  velded-and-aged  condition  gave  a  Og 
of  1356  ln-lh/in2  ■»rtth  porosity;  vithout  porosity  (chemically 
cleaned  preparatory  to  welding)  the  Gc  was  1822  in-lb/inS, 
likewise,  in  the  case  of  the  TIG>welded  6a1<>^V  in  the  azmealed- 
•nd-wlded  condition,  with  porosity  the  Gc  was  763  in-lb/ln^ 
and  without  porosity  the  Gc  was  1341  in-Ib/in^.  The  loss  of 
touc^ess  was  not  so  great  in  the  case  of  TIG-welded  611-47 
In  the  annealed-and-welded  condition  when  matching  (6ll-4v) 
filler  wire  was  U5  ad;  the  Gc  value  dropped  from  820  with  no 
porosity  (pickled^  to  706  in-lb/in^  with  general  porosity* 

Ihere  was  one  Instance  of  pickled  welds  tested  in  duplicate 
where  one  weld  had  very  small  porosity  along  the  fusion  line 
and  the  other  was  free  of  porosity;  the  weld  with  porosity  had 
a  Gc  of  762  In-lh/ln^  and  the  porosity-free  weld  had  a  Gc  of 
1020  ln-lb/ln2.  Lackilng  coiiQ)lete  chemical  analysis  of  the  velds 
made  with  and  without  pickling.  It  Is  gplte  possible  that  the 
difference  In  fracture  tou^pmess  was  due  to  hlf^er  interstitial 
content  In  the  welds  which  were  not  pickled  rather  ,  than  po¬ 
rosity  per  se.  Uhatever  the  cause,  tlie  Gc  ^ata  available  from 
welds  made  with  and  without  pickling  of  the  Joint  edges  pre- 
l>aratory  to  welding  indicated  an  Increase  of  100  to  500 
ln-lb/in2  as  a  resvilt  of  the  pickling  operation* 

It  was  demonstrated  in  earlier  work  that  the  V-notch 
Chaxpy  jjnqpact  test,  using  a  single-thickness  edge-notched  speci¬ 
men,  may  be  used  for.  testing  sheet  In  thicknesses  down  to  abo^lt 
4o  Mis.  !nie  experimental  work  upon  which  this  observation  Is 
based  has  been  published  as  a  WAL  Report  TR  405*l/l  dated  March 
i960,  entitled  *An  Engineering  Evaluation  of  Notch  Sensitivity 
In  High-Strength  Sheet  Materials”  and  In  a  condensed  version 
pubUshed  .ln  Ihe  WELDING  JOURNAL,  Vol.  39(4),  p.l47-B  (April 
i960)*  Since  WAL  Report  405.l/l  was  preparM,  additional  de¬ 
velopment  work  has  been  done  which  Indicates  a  direct  pro- 
pb’rCionallty  between  notched-tensile  Gc  valxtes  and  precryked 
V-notch  Chaipy  ln5)act*  In  a  wide  variety  of  strengths  and  coiqx)- 
sltlon  types* 

Table  VII  presents  fracture  toughness  data. obtained  from 
precracked  V-notch  Cbazpy  specimens  for  coinparlson  with  Gc  ten¬ 
sile  results*  Chazpy  fracture  toucdiness  is  expressed  in  terms  ^ 
of  energy  sbsozbed  per  unit  of  fractuLre-surface  area  (w/a^, -In-lb/in'^)* 

. 

Reference:  ORNER  and  HARTBOWER,  Metals  Joining  Branch,  12th, 

13th  and  l4th  Progress  Reports  on  Notch  Sensitivity  in  High 
Strength  Sheet,  dated  16  May,  30  September  and  10  November  1960* 
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Note  that  the  Charpy  results  confimed  the  trends  Indicated 
by  the  Gg  tests  vith  regard  to  the  relative  toughness  of  MIG 
and  TIG  velds. 

Figure  4  presents  precracked  Chaipy  transition  curves  for 
Ti-6Alr4v  velded-and-aged  with  matching  and  unalloyed  fillers. 
Note  that  the  results  are  consistent  with  Gc  in  that  they  show 
l<iIG  to  be  siqjerlor  to  TIG  vlth  unalloyed  filler  but  not  vith 
matching  filler.  In  examining  this  figure  and  the  foUovlng 
figures j  it  should  be  recalled  that  a  precracked  V-notch  Chazpy 
value  of  2  ft-lb  Is  equivalent  to  a  Gc  of  approximately  900 
in-lb/ln2. 

Likevise,  precracked  V-notch  Chaipy  tests  of  Ti-4Al-3Mo-lV 
In  the  veld-and-aged  condition  correlated  veil  vith  Gc  tensile 
results.  Figure  ^  Indicates  that  MIG  and  TIG  velds  in 
Ti-4Al-3Mo-lV  heat  M0O12  In  the  aged  condition  are  about  equiva¬ 
lent;  In  fact  TIG  appears  slightly  better.  HOvever^  a  second 
heat  of  4A1-3Mo-1V  again  Indicated  the  MIG  to  be  decidedly 
stperlod  to  the  TIG  procedure. 

Figure  6  idilch  presents  the  piecracked  Chaipy  transition 
curves  for  T1-2.5A1-16V  veld-and-aged  using  both  MIG  and  TIG 
du>vs  the  MIG  veld  to  be  decidedly  superior  to  the  TIG  veld. 
Again,  the  results  correlated  veil  vith  GcXsee  Table  VII)* 

Chemistry.  Dilution  and  Grain  Grovth 

It  vas  anticipated  that  the  TIG  velds,  becauise  of  the 
slov  arc-travel  speed,  relatively  slov  cooling  rates  and  general 
heating,  vould  have  higher  interstitial  content  than  the  MIG 
velds.  Chemical  analysis  of  randomly  selected  MIG  and  TIG  veld 
deposits  did  not  substantiate  this  (Table  VIIl).  In  some  in¬ 
stances  the  TIG  velds  actxially  appeared  to  have  lover  Inter-  . 
stitial  content;  hovever,  the  differences  betveen  MIG  and  TIG 
vere  neither  marked  nor  consistent,  toe  fact  vas  clear;  viz., 
that  the  TIG  velds  becaxise  of  greater  base-metid  melting,  heid 
substantleilly  higher  substitutional  alloy  content  th^  the  MIG 
velds.  This  vould  be  expected  to  have  an  effect  on  mechanical 
properties,  particularly  in  the  case  of  the  Tl-2.5Al-l6v  alloy. 
(Alpha-beta  veld  deposits  generally  have  excellent  toughness  If 
the  siibstlturtional  alloy  content  Is  held  In  the  range  of  1  to  4 
percent). 


Another  marked  difference  betveen  the  MIG  afd  TIG  velds 
as  produced  In  this  Investigation  is  in  the  grain  size  of  the 
veld  deposits.  The  grain  size  of  the  TIG  velds  vas  very  much 
larger  than  that  of  the  MIG  velds  (Figure  j),  !niis  vould  be 
expected  to  result  in  greater  tou£^ess  in  the  MIG  velds. 


SintttRY  AND  CONCLUSIONS 

The  velded  strength,  ductility  and  toughness  of  three  DOD 
Titanium  Alloy  Sheet  Rolling  Program  Materials  are  compared 
using  lov-energy  Inert-gas-shielded  consumable-electrode  (MIG) 
velds  made  vlth  Vatertovn  Arsenal  Laboratories'  procedure  and 
high-energy  Inert^gas-shielded  non-consiunable-electrode  (TIG) 
velds  made  vith  more-or-less  typical  lndustr1.eJ.  procedure.  13xe 
principal  difference  betveen  the  UAL  and  industrial  procedures 
is  that  Watertovn  Arsenal  Laboratories  uses  as  lov  an  energy  in 
put  and  as  high  an  inert-gas  flov  rate  as  is  consistent  vith 
good  practice;  vhereas,  Indiistry  uses  relatively  high  energy  in 
put  sad  lov  gas-flov  rates. 

The  three  sheet  alloys  investigated  vere  T1-6a1-4V, 
T1-4a1-3Mo-1V  and  Ti-2.5Al-l6v  in  eaw:h  of  »!*.(■  three  conditions 
of  heat  treatment;  viz.,  (l)  solution-treated,  velded  and 
tested^  ,.  (2)  solution-treated^  aged,  velded  and  tested  and  (3) 
solution-treaty,  velded,  aged  and  tested,  m  atddltlon  to  the 
above  conditions,  T1-6a1-4v  vas  also  tested  in  the  annealed-and 
velded  condition. 

^e  mechanical  tests  used  for  evaluating  the  veldablllty 
of  the  three  processes  vere  (l)  the  tensile  test  (unnotched), 
(2)  tensile  dxictlllty  as  measured  in  a  photogrid  at  0.05-in. 
qpaclng,  (3)  the  centrally  notched  Gq  tensile  test  axid  (4)  the 
edge-notched  Chazpy  lag>act  test.  Chemistry  of  veld  deposits 
and  metallography  vere  also  enqployed  in  conparlng  the  tvo  void¬ 
ing  processes. 

The  most  notevorthy  observations  vere  as  foUovs: 

(1)  The  tensile  strength  of  all  three  alloys  vas  very 
good  idien  aged  after  voiding.  All  three  alloys  had  yield 
strengths  in  the  range  of  140,000  to  160,000  psl  >dilch  is  com¬ 
petitive  (on  a  strength/velght  basis)  vith  steel  at  240,000  to 
280,000  psi  regardless  of  the  velding  process  used.  There  vas, 
in  fact,  very  little  difference,  strength-vise,  betveen  velds 
made  vith  the  MIG  and  TIG  procedures. 


(2)  The  2.5A1“16v  alloy  was  conqpletely  iin satisfactory, 
sti'engthwlse,  vmless  aged  after  welding ■  When  solution- 
treated,  welded  and  tested,  and  when  solution-treated,  aged, 
welded  and  tested  (i.e.,  tested  in  the  as-welded  condition), 
the  2;5A1-16V  alloy  had  yield  strengths  of  less  than  90,000  pel. 
/^arently,  welding  was  highly  effective  in  solutionlzing  this 
edloy. 


(3)  The  tensile  ductility  of  all  welds  in  the  aged  high- 
strength  condition  was  low,  with  very  little  uniform  elongation; 
Ihotogrids  showed  the  deformation  to  occur,  as  unstable  plastic  ' 
flow.  Baroslty,  at  first  suspected  of  cajusing  the  low  ductility 
pzx>ved  to  have  only  a  slight  effect  in  lowering  the  elongation 
values. 

(4)  Fracture  toughness  did  not  corj'elate  with  tensile 
elongation.  In  several  instances,  alloyn  with  only  3  to  4  per¬ 
cent  tensile  elongation  had  excellent  fi^acture  toufduiess. 

(5)  There  were  marked  heat-to-heat  variations  in  "welda¬ 
bility  .  In  other  words,  there  were  marked  variations  in  the 
fracture  tou^dmess  of  welds  deposited  in  different  heats  of  a 
given  composition  type,  even  with  a  given  electrode  and  weld¬ 
ing  process. 

(6)  Because  of  heat-to-heat  variations,  comparison  between 
the  MIG  and  TIG  procedures  was  not  conclusive.  However,  the 
trend  of  results  favor  the  low-energy  high-gas- flow  MIG  pro¬ 
cedure.  In  general,  the  fracture  toughness  of  the  MIG  welds 
was  higher  than  that  of  the  TIG  welds.  The  exceptions  where 
TIG  gave  higher  values  than  MIG  generally  occurred  in  welds 
that  were  adequately  tough  (in  the  neighborhood  of  1000  Oq) 
with  either  process. 

It  is  concliided  from  this  study  that  the  titanium  sheet 
niloys  investigated  offer  a  highly  attractive  combination  of 
.strength  and  toughness  for  rocket  and  missile  structures  that 
can  be  aged  after  welding.  Because  of  the  marked  variations 
in  fracture  toughness  that  occur  from  heat  to  heat  and  from  one 
welding  process  to  another,  it  is  essential  that  a  meaningful 
te^^t  for  fracture  toughness  be  enq>loyed.'  The  Gc  notched  ten¬ 
sile  test  or  the  precracked  V-notched  Charpy  test  are 
recommended.  The  latter  is  peortlcularly  useful  as  a  screen¬ 
ing  test  because  (l)  the  test  permits  rapid  eval\iatlon  of  a 
large  number  of  metall\u'glcal  variables  and  testing  conditions 
with  a  minimum  expenditure  of  time,  money  and  materials;  (2) 
the  test  is  easily  and  economically  conducted  over  a  wide 
range  of  testing  tenqieratures;  and  (3)  the  test  is  svifflclently 
sensitive  to  reveal  changes  in  specimen  brittleness  as  in¬ 
fluenced  by  composition  and  heat  treatment. 
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TABX&  I 

TITANIUM  WbLDINO  CONDITIONS 


^  INbKI  -  GAS  -  SHIELDED 

tungsten  ArO  OOirSilM.  ELeOtrode 


(TIG) 

(MiG) 

SHEET  THICKNESS,  IN. 

0.125 

0.125 

JOINT  DESIGN* 

SO.  BUTT 

SO.  Bun 

ROOT  OPENING,  IN. 

0 

0.032 

FILLER  DIAM.,  IN. 

1/32 

1/32 

NUMBER  OF  PASSES 

2 

1 

AMPERES** 

245  S.P. 

250  R.P. 

VOLTS 

14 

36 

ARC  TRAVEL,  IPM 

10 

75 

ENERGY  INPUT,  JOULES/lN. 

20,800 

7,200 

PRIMARY  GAS.  CFH 

20A 

1 25  He  ^  25A 

TRAILING  GAS,  CFH 

50A 

60A 

NOZZLE  1.0. ,  IN. 

1.0 

1.0 

W-ELECTROOE,  IN. 

3/32 

m 

ARC-LENGTH,  IN. 

0.095 

m 

CONTACT-TUBE  HGT. ,  IN. 

m 

1/2 

^JOlirT’PRfPARATION:  BLANCHARD-GROUND  EDGES,  COLD  DEGREASED,  AND 
WIRE  BRUSHED.  JOINT  BACKED  WITH  GROOVED  COPPER  BAR. 

’•power  SOURCE;  DC  RECTIFIER  (500  AMP  CAPACITY)  WITH  DROOPING 
CHARACTERISTIC. 


1 9-066-771 /0RD-60 
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6AL-4V 


4AL-3MO-IV 

and 

2. SAL- 16V 


6AL-4V 

4AL-3MO-IV 

and 

2. SAL- 16V 


TAfiI£  II 

WELDING  -  HEAT  TREATMENT  SEQUENCE 

MILL  ANNEALED  (AS  REC'D)-WELDED-TESTED 
SOLI/riON  TREATED-WELDED-TESTED 
SOLUTION  TREATED- AQEDrWELDED-TESTED 
SOLUTION  TREATED-WELDED-AGED-TESTED 

SOLUTION  TREATEO(AS  REC'D) -WELDED-TESTEP 
SOLUTION  TREATED-A6ED-WELDED-TESTED 
SOLUTION  TREATED-WELDED-AQED-TESTED 

TITANIUM  HEAT  TREATMENTS 
(PERFORMED  AT  WATERTOWN  ARSENAL) 

SOLUTION  TREATED  AT  l750OF(tl0O)  FOR  IS  MIN.-N.Q. 
AGED  AT  9000F(±5®)  FOR  24  HOURS-A.C. 

AGED  AT  92S<^F(±l0O)  po^  24  HOURS-A.C. 


i 9-066-766/ 0R0-60 


^  o 

ON  CO  (B®  00 

r^  CVJ  CU  (VN  (TN 
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eAl-tlV  MUL  ANNEAUO  -  WEIOCD 
WELD  TRAWVEIISE 


OISTMCE  rtOM 

(•••M-rTT/om-M 


TIQURB  1  -  DiaERIBUnOII  OF  8KBAI1I  HI  TIMII8VIRflB.Y  IBUSD 
MIU.-AMRIAUD  TXSMHUC  8BIIV  TIMIXX  mdllM. 


WELO 


IT  ELONGATION 


eAl-HV  SOLUTION  TREATED  -  AGED  -  WELDED 


FIGURE  2  -  DISTRIBUTION  OF  STRAIN  IN  TRANSVERSKLY 
6AL-4V  titanium  SliEET  TENSIU  SFECDONB  BTCRI  AND 
AFTER  WELDING. 


Mr 


^>AI-4V  MILL  ANNEALED-WELDED 
WELD  LONGITUDINAL 


SOLUTION  TREATED-AOED-WELDED 


FIGURE  3  '  DISTRIBUTION  OP  STRAIN  IN  LONOITUDINAZXY  KBLDD) 

M  6al-Uv  titanhii  bhiit  tensile  sficdbns  in  various  cohditions. 
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FIGURE  4  -  ENERGY-TEMPERATURE  TRANSITION  CURVES  FOR  6AL-4V 
TITANIUM  SHEET  IN  THE  WELDED-AND-AGED  CONDITION.  The  Charpy 
specimens  were  precracked  by  means  of  a  preliminary  low-energy 
blow,  or  by  fatigue(x).  An  energy  value  of  2  ft-lb/O. 1-in.  is 
equivalent  to  a  Gg  of  approximately  900  in-lb/in2.  jfeat  114789. 
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FIGURE  3  -  ENERGY-TEMFERATURE  TRANSITION  CURVES  FOR  4AL-3M0-IV 
TITANIUM  SHEET  IN  THE  VILZSD-AND-AGEP  CONDITION.  The  Charpy 
■peclaiens  were  precracked  hy  saeans  of  a  prellmlnan^  lov-energy 
blov,  or  by  fatigue  (x).  An  energy  valxie  of  2  ft>lb/0.1  In.  Is 
equivalent  to  a  Gc  of  qpproxlnately  900  In-lb/ln^. 
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-160  -60  0  So  160 

Temperature  (C) 


FIGURE  6  -  ENERGY-TEKFERATURE  TRANSITION  CURVES  FOR  2.5AL-l6V 
TITANIUM  SHEET  IN  THE  WELDED-AND-AGED  CONDITION,  The  Chaxpy 
apeclmene  ysre  precracl&ed  by  means  of  a  preliminary  lov-enargy 
Mow,  or  by  fatigue  (x}«  An.  energy  value  of  2  ft-lb/o.l-ln*  Is 
equivalent  to  a  Oe  of  qjpvoxlmaitely  900  In-lb/ln^i  Beat  T22l62« 
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PREPARED  DISCUSSION  -  THIRD  SESSION 


Discussion  of  Paper 

"Aus -Shear  Forming  of  Low  Alloy  Steel  Cylinders’* 

by 

E.  S.  Jones 

prepared  by 
J.  C.  Hamaker 


In  comparing  the  H-11  type  steel,  tempered  at  900-1100  F  with  the  two  low 
alloy  steels,  tempered  at  400-700  F,  the  author  concludes  that  the  comparatively  high 
ratio  of  TS/YS  for  the  H-11  is  due  to  the  presence  of  retained  austenite  in  the  steel. 

We  would  like  to  point  out  that  an  alternate,  very  possible. explanation  may  lie  in  the 
fact  that  the  higher  tempering  temperatures  used  for  the  H-ll  resulted  in  greater  relief 
of  the  warni  Working  stresses  and  thereby  lower  yield  strength.  The  effect  of  raising 
stress  relief  temperatures  by  about  300  F  in  the  700-1000  F  range  is  well  known  in  the 
cold  working  of  ferrous  materials.  The  fact  that  the  H-11  steel  retained  such  a  high 
ultimate  strength  (over  400,000  psi),  despite  the  300  F  higher  stress  relief  and  temper¬ 
ing  temperature,  is  indeed  remarkable  and  a  tribute  to  the  effectiveness  of  the  aus- 
tempering  operation.  Actually,  the  H-11  material  with  an  Ms  temperature  of  525  F 
during  conventional  heat  treatment,  should  retain  less  austenite  than  the  two  other 
higher  carbon,  lower  alloy  steels,  and  has  the  added  advantage  of  transforming  this 
austenite  by  the  conditioning  mechanism  afforded  by  its  much  higher  tempering  temper¬ 
ature.  Of  course,  these  reactions  may  be  changed  considerably  by  the  aus  forming 
operation;  it  would  be  interesting  to  see  actual  X-ray  diffraction  data  on  the  relative 

retained  austenite  contents  of  the  three  steels  after  the  ausfoiming  and  tempefing' 
operations  have  been  completed. 


PREPARED  DISCUSSION  -  THIRD  SESSION 


Discussion  on  Session  Topic 

"Effects  of  Fabrication  Variables" 

prepared  by 
R.  J.  Voth 


Adhering  strictly  to  the  literal  translation  of  the  title  of  this  particulars  ess  ion, 
which  is  "Effects  of  Fabrication  Variables",  the  one  variable  of  strip  wound  cylinders 
which  I  could  cover  in  the  3  to  5  minutes  which  the  moderator  has  alloted  me,  is  that 
of  wrap  angle.  In  the  early  stages  of  the  development  by  the  Ryan  Company  of  strip- 
wound  motors,  three  particular  or  basic  types  of  configurations  were  considered.  The 
first  of  those  three,  not  necessarily  in  the  order  of  preference  is  the  geodetic  Wrap 
cylinder.  It  is  merely  a  cylindrical  shell  in  which  the  strip  materials  are  helically 
wound,  first  one  layer  in  one  direction,  then  the  second  layer  placed  in  the  opposite 
direction.  A  second  configuration  is  that  of  unidirectional,  wrapping,  and  that  is  a  series 
of  layers  all  in  the  same  direction  except  that  the  second  layer  is  displaced  from  that 
of  the  first  layer,  and  so  on  until  you  get  a  sufficient  number  of  layers  to  achieve  the 
thickness  desired.  The  third  configuration  is  that  which  has  been  described  by  the 
gentleman  from  the  Budd  Company,  and  that  is  the  coil  wrap  in  which  a  single  layer  is 
wrapped  upon  itself  as  a  scroll  a  sufficient  number  of  times  to  give  you  a  completed 
cylinder.  Then  resistance  welds  are  placed  through  these  laminates  at  various  points 
in  order  to  complete  the  pressure  bottle.  Naturally,  this  configuration  has  no  wrap  angle. 
The  variations  on  the  unidirectional  configuration  I  intended  to  cover  in  my  paper  on 
Friday,  which  leaves  us  with  a  geodetic  configuration  and  one  of  the  many  problems  there¬ 
of  is  that  of  wrap  angle. 

It  can  be  seen  that  if  the  two  to  one  biaxial  load  distribution  on  an  element  with 
unit  lengths  sides  in  this  particular  type  of  a  case  were  vectorially  added,  that  there 
should  be  an  angle  at  which  you  could  wrap  these  shells  which  would  result  in  a  stable 
cylinder  without  any  bonding  being  placed  between  the  subsequent  layers.  Pursuing  this 
line  of  thought,  a  two  to  one  ratio  will  give  you  an  angle  of  some  26  degrees  of  wrap 
angle  between  a  line  normal  to  the  cylinder  axis  and  the  angle  of  wrap.  This  is  not  fife 
true  angle  at  which  pure  tension  results  in  the  strip  because  we  have  neglected  the  ele¬ 
mental  shear  stresses  which  must  be  transferred  between  adjacent  strips.  If  we  con¬ 
sider  these  elemental  shear  stresses,  then  this  angle  is  not  26  degrees  but  it  is  closer 
to  36  degrees  or  35  degrees  and  15  minutes. 

Figure  1  is  the  result  of  computations  made  regarding  the  variation  in  wrap  angle.'^ 
The  percentage  of  PR  over  T  hoop  stress  versus  wrap  angle  is  shown.  If  you  were  to 
have  pure  hoops  you  would  have  of  course  a  tension  in  those  strips  of  100  percent  of  the 
hoop  stress.  At  the  angle  of  26  degrees  you  will  find  that  the  stress  in  the  direction  of 
the  strip  is  about  1.  42  times  the  hoop  stress.  At  the  35  degrees  and  15  minutes  angle 
where  the  shear  transfer  between  adjacent  strips  becomes  zero,  the  stress  in  the 
direction  of  wrap  is  one  and  a  half  times  the  hoop  stress.  Similar  strip  wound 
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cylinders  were  constructed  at  two  angles  of  26  and  36  degrees  to  prove  out  this 
analytical  development. 

Figure  2  shows  the  chamber  pressure  plotted  against  stress.  We  have 
a  line  of  1.  42  times  the  hoop  stress  for  a  cylinder  of  26  degrees  and  6 minutes 
with  no  attachment  between  subsequent  layers.  Strain  gage  measurements  give 
us  a  tension  in  the  strip  direction  corresponding  to  the  solid  line,  PR  over  T  stress, 
again  the  dotted  line  here  and  the  measurement  by  strain  gage  plotted  in  the  solid 
line.  Axial  stres  s  PR  over  2T  is  plotted  as  the  dotted  line  with  the  strain  gage 
measurements  following.  The  relatively  good  agreement  is  apparent. 

In  Figure  3,  the  35  degrees  and  55  minutes  geodetic  cylindertest  is 
shown  with  a  line  plotted  one  and  a  half  times  the  hoop  stress  and  the  tension  in 
the  direction  of  the  ribbon  plotted;  PR  overT  stress,  string  gage  reading  adjacent 
to  it,  PR  over  2T,  the  axial  stress  and  the  strain  gage  measurement. 

In  conclusion  I  can  say  that  this  is  an  extremely  interesting  problem 
with  many  variables  other  than  those  shown.  The  significant  point  regarding 
wrap  angle  is  that  the  increase  in  stress  to  1-1/2  times  the  hoop  stress  cannot 
be  tolerated  and  that  bending  of  the  laminates  is  essential  to  convert  the  stress 
distribution  shown  in  the  Figure  to  that  of  a  monolithic  case. 


PERCENT  OF  HOOP  STRESS 


0  10°  20°  30°  4o°  50°  6o°  70°  8o°  90° 
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V/RAP  ANGLE,  DEGREES  FROM  A  LINE 
NORMAL  TO  THE  CYLINDER  AXIS 

Figure  1  Stress  Distribution  In  A  GeoUetic  Wrapped  Cylinder 
(No  Attachment  Between  Successive  Layers) 
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CHAMBER  PRESSURE  (PSi) 


PREPARED  DISCUSSION  -  THIRD  SESSION 


Discussion  on  Session  Topic 

"Effects  of  Fabrication  Variables" 

prepared  by 
H.  A.  Jahnle 


The  papers  presented  so  far  in  this  conference  have  emphasized  low  alloy  steels, 
H-11  steels  and  titanium  alloys.  I  would  like  to  discuss  briefly  the  development  of 
wrapped  cases,  made  from  strain  hardened  and  tempered  stainless  steels,  which  arfe 
being  studied  by  the  Budd  Company. 

Consider  a  flat  sheet  of  AM  355  cold  worked  and  tempered  to  a  strength  of 
250, 000  to  350,  000  ps  i.  The  length  of  the  sheet  is  twice  the  circumference  of  the 
cylindrical  portion  of  the  case.  The  gage  is  one-half  the  final  thickness  desired  and  the 
width  is  equal  to  or  a  fraction  of  the  cylinder  length. 

This  sheet  is  wrapped  about  a  mandrel  to  obtain  a  two-layered  cylinder,  and  the 
overlapping  ends  are  resistance  welded  together,  as  shown  in  Figure  1.  The  resistance 
welded  areas  are  armealed  and  the  joint  will  have  a  lower  strength  than  the  parent 
material.  A  joint  of  a  helical  pattern.,  would  increase  the  efficiency.  By  experiment, 
this  pattern  is  obtained  and  a  chevron  joint  developed.  This  chevron  represents  elements 
of  the  helix.  Joints  having  90  to  100  percent  of  parent  material  strength  are  obtained. 

Field  welds  are  also  placed  at  points  determined  by  experiment  to  make  thetwo 
sheets  act  together  in  bending  and  axial  loading.  The  optimum  spacing  and  number  of 
such  welds  must  be  determined  to  provide  maximum  resistance  to.  internal  pressure  and 
bending. 

Individual  cylinders  are  leak  tested  prior  to  assembly. 

Cylinders  are  joined  together  by  arc  welding  and  with  the  use  of  a  resistance 
welded  doubler.  This  is  shown  in  Figure  1  also.  The  doubler  is  used  for  additional 
strength. 

The  arc  weld  joint  is  prepared  by  seam  welding  the  ends  of  the  cylinder  followed 
by  machining.  The  arc  weld  nugget  is  then  superimposed  on  the  resistance  welds. 

Cylindrical  portions  are  then  welded  to  the  headers  which  are  made  of  a  forge¬ 
able  or  deep  drawing  steel.  This  steel  must  be  compatible  to  AM  355  and  our  tests  so 
far  have  emphasized  PH  15-7  Mo.  Other  steels  are  being  considered. 


The  header  is  hardened  prior  to  welding  and  the  joint  area  is  again  annealed. 
The  necessary  strength  is  obtained  by  a  combination  of  increased  base  metal  thick¬ 
ness.  and  doublets.  These  basic  ideas  are  shown  in  Figure  2.  As  you  can  imagine, 
there  are  several  possible  combinations. 

Figure  3  is  a  subscale  model  showing  field  welds  and  the  chevron  joint. 

Figure  4  shows  a  one  segment,  65°*  diameter  case  being  prepared  for  test. 

Figure  5  contains  some  test  results  of  subscale  bottles  which  have  been  made. 
It  should  be  noted  that  the  lowest  hoop  stress  at  burst  has  been  232,  000  psi  and  the 
highest  has  been  296,  000  psi.  More  important  is  the  ratio  of  hoop  stress  to  material 
strength.  This  indicates  possible  hoop  stresses  in  full  size  bottles  of  320,000  psi. 
There  have  been  no  failures  in  the  chevron  joint. 

Our  biggest  problem  has  been  in  the  headers.  Several  full-scale  cases  have 
been  tested  with  all  failures  occurring  in  the  heads. 

One  other  advantage  of  this  procedure  is  in  its  flexibility.  Almost  any  size 
cylinder  can  be  made  without  regard  to  heat  treating  facilities.  This  also  allows 
on-the-site  assembly  of  very  large  cases  which  cannot  be  easily  transported. 


III-136 


Figure  1.  Rocket  Motor  Case  Construction 
Showing  Double  Wrap  Shell 
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Figure  2.  Basic  Joint  Designs 
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Figure  3.  Subscale  Model 


Ihowing  Field  Welds  and  Chevron  Joint 
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Figure  5.  Tabulation  of  Test  Result 


TRANSCRIBED  DISCUSSION  -  THIRD  SESSION 


Seventh  Sagamore  Conference 
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P.  L.  Hendricks  I  would  like  to  direct  a  question  to  Mr.  Spaeth.  In  the  success¬ 
ive  testing  of  motor  cases  through  pressurization,  it  appears  that  there  is  definitely  the 
possibility  of  producing  strain  induced  martensite  from  the  r^ained  austenite  usually 
present.  Martensite  fornied  in  this  manner  would  be  untempered,  and  because  of  its 
brittle  nature,  highly  undesirable.  Do  you  know  of  any  instances  where  failure  during 
pressure  testing  could  be  related  to  the  presence  of  such  untempered  martensite  and 
secondly  do  you  have  any  information  as  to  what  effect  the  stresses  produced  by  re¬ 
peated  pressurization  have  upon  the  properties  of  the  tempered  martensite  already 
present? 

C.  E.  Spaeth  In  answer  to  the  first  question,  the  determination  of  retained 
austenite  for  the  pressure  vessels  involved  in  my  discussion  was  made  and  found  to  be 
extremely  small.  I  do  not  think,  from  our  experience,  that  we  have  seen  any  signifi¬ 
cant  effects  of  cycling  causing  further  transformation  of  untransformed  austenite  to 
martensite.  We  have  cycled  many  of  our  pressure  vessels  approaching  hundreds  of 
times  in  the  process  of  getting  to  the  burst  pressure,  each  time  returning  to  zero  pres  - 
sure.  It  has  not  been  our  experience  that  what  we  would  understand  to  be  failure,  re¬ 
sulted  from  transformation  and  then  a  subsequent  loading,  over  stressing  untempered 
martens  ite. 

S.  V.  Arnold  I  understand  that  you  have  tested  pressure  vessels  made  of 
other  steels  than  H-11.  The  H-11  steel  heat-treated  by  the  recommended  practice,  as 
I  understand  it,  has  very  little  retained  austenite.  Would  your  findings  apply  to  the 
pressure  vessels  of  other  steels  as  well? 

R.  C.  Fawell  The  one  steel  in  which  we  observed  positive  retained  austenite 
effects  was  300  M.  We  found  a  significant  increase  in  the  yield  strength  following  cold 
treatment  and  further  tempering. 

P.  Stark  In  response  to  Mr.  Hendrick's  question  concerning  the  possible 

effects  of  proof  testing  on  tempered  martensite,  I  would  like  to  rail  his  attention  to  the 
work  done  by  B.  T.  Stephenson  and  M.  Cohen  on  AISI  4340  steel  which  is  to  be 
published  in  the  ASM  T ransactions.  They  found  that  prestraining  tempered  martensite 
by  small  amounts  followed  by  retempering,  results  in  a  type  of  mechanical  instability 
upon  reloading  in  tension.  The  strength -to -yield  ratio  for  these  prestrained  and  re¬ 
tempered  specimens  is:  approximately  unity  and  the  elongation  to  fracture  occurs  with 
decreasing  loads.  The  maximum  load  is  greater  than  the  value  observed  in  a  continuous 
tensile  test.  Although  the  phenomenon  was  observed  in  AISI  4340,  it  is  possible  that 
it  also  occurs  in  hot  work  die  steels.  Thus,  a  small  amouiit  of  plastic  deformation 
occurring  in  localized  regions  during  proof  testing  and  subsequent  tempering 
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at  ambient  temperatures  coiild  result  in  the  failure  of  rocket  motor  cases. 

The  above  also  includes  answers  to  questions  by  Mr.  Schapiro  asking  for 
a  definition  of  “’Mechanical  Instability*’,  and  the  amount  of  deformation  en¬ 
countered. 

N.  L.  Reed  I  have  a  question  for  Dr.  Adams.  You  outlined 

some  programs  that  might  be  undertaken.  I  believe  you  did  not  speak  of  the 
possibility  of  improving  the  strength  of  a  weld  by  hot  deformation  or  by  hot 
working.  Is  it  now  conceivable  that  we  can  do  something  along  this  line,  or 
are  we  wasting  our  time  if  we  think  that  we  can  improve  properties  of  welds  by 
hot  working"? 

.  C.  M.  Adams  Any  study  directed  to  possible  benefication  of  welds  is 

not  a  waste  of  time.  Hot  “Working  is  certainly  one  of  the  possible  techniques 
which  deserves  attention  as  is  cold  plastic  deformation  of  welds.  I  do  not 
know  whether  you  have  reference  to  such  things  as  the  hydro -spinning  of  welds 
or  the  expansion  of  tubing. 

N.  L.  Reed  I  just  wondered  if  you  felt  that  in  the  university  pro¬ 

grams,  attention  should  be  given  to  hot  deformation  or  warm  deformation  of  weld 
materials. 

C.  M.  Adams  Some  systematic  work  in  this  area  should  be  under¬ 

taken.  With  respect  to  the  uinusiiaJ  combinations  of  properties  reflected  in 
fusion  zones,  these  seem  related,  at  least  in  part,  to  the  extreme  chemical 
homogeniety  of  fusion  zones,  a  degree  of  homogeniety  not  realized  in  other 
forms  of  the  same  material.  Since  plastically  ’’squashing*'  the  fusion  zone 
presumably  would  not  ’’unmix"'  it  in  any  way,  it  would  still  potentially  have 
unusual  response  to  heat  treatment,  and  so  forth.  This  deserves  a  deeper  ex¬ 
planation  than  it  has  had  to  date.  However,  I  think  the  big  need  is  for  further 
work  relating  chemistry  to  properties  in  these  unusually  homogeneous  stmctures. 

L.  Schapiro  Mr,  Jones,  you  have  described  to  us  the  aus -forming 

of  open-end  cylinders .  Rumors  have  reached  the  West  coast  that  GB  has  aus  - 
formed  closed-end  cylinders.  If  this  is  true,  would  you  tell  us  something  about 
it? 


E,  S.  Jones 
would  be  a  large 
while  yet  unless 
lopment. 


To  my  knowledge,  such  rumors  are  not  true.  That 
step  forward  in  the  state  of  the  art,  and  will  not  come  for  a 
some  fairly  large  sums  of  money  can  be  spend  on  such  a  deve- 


A.  Hurlich 


__________  I  want  to  ask  Mr.  Jones  a  question  regarding  the  aus- 

shear  forming  of  Super  Tricent.  He  was  quite  proud  of  the  fact  that  he  has  attained 
12  or  15  percent  of  elongation  and  said  that  this  is  something  that  would  be  much 
better  than  the  Halcomb  or  HT  Steel  where  he  got  6  or  7  percent  elongation.  I 
would  like  to  ask  him  two  questions:  First,  what  is  the  significance  of  elongation, 
secondly,  why  is  12  percent  elongation  better  than  6  percent  elongation  in  a  struc¬ 
ture  that  would  fail  after  probably  1  percent  elongation. 

E.  S.  Jones  I  think  you  are  right.  The  significance  of  the  elongation 

ductility  is  certainly  over-shadowed  by  the  now  known  lack  of  notch-toug^mess  at 
that  strength  level.  Recently  we  have  done  more  work  with  a  modification  of  Super 
Tricent  at  about  that  same  strength  level,  and  have  found  that  the  =  5  notched 
properties  were  quite  low,  of  the  order  of  .  5  to  .  6.  I  do  not  know  whether  present 
casing  designs  can  tolerate  that  sort  of  notch  sensitivity  or  not.  I  suspect  they  can¬ 
not. 


H.  Bernstein  I  want  to  comment  on  the  hydro-spin  process  with  parti¬ 

cular  reference  to  Mr.  Wilson's  talk.  It  has  been  said  elsewhere  that  the  hydro¬ 
spin  process  is  self-inspecting.  Well,  this  just  is  not  so.  The  failure  which  Mr. 
Wilson  showed  us  was  a  second  stage  Polaris  motor  case  in  which,  fracture  started 
at  a  tear  on  the  inside  surface.  It  was  not  present  in  the  sheet.  This  particular 
cylinder  was  hydro-spjin  from  a  rolled  and  welded  blank,  and  the  sheet  was  inspect¬ 
ed  before  it  was  rolled  and  welded,  and  then  spun  into  the  full  size  section.  Un¬ 
fortunately,  there  was  no  inspection  after  the  hydro-spinning.  We  know  from  the 
scale  of  the  surface,  as  Mr.  Wilson  observed,  that  this  flaw  was  present  prior  to 
heat -treatment.  It  was  present  in  the  hydro-spun  blank  and  it  could  have  been 
found  by  inspection.  The  only  reason  that  I  want. to  stress  this  is  that  no  process 
is  self-inspecting,  and  the  product  of  any  fabrication  procedure  like  hydro-spinning 
or  welding  must  be  inspected  to  ensure  reliability  of  the  pressure  vessel. 

W.  J.  Wilson  I  simply  concurr  with  that.  I  do  not  think  we  have 

reached  the  point  where  we  can  waive  our  inspection  steps. 

E.  B.  Kula  I  would  like  to  introduce  some  data  in  support  of  the 

conclusions  reached  by  Mr.  E.  £.  Jones.  On  the  figure  are  shown  some  examples 
of  the  strength  increases  that  can  be  obtained  by  aus -shear  forming,  ausfotming, 
austenrolling,  or  whatever  name  is  given  to  the  process  of  forming  martensite 
and/or  other  transformation  products  in  cold  rolled  austenite. 
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YIELD  (0.2%)AN0  TENSILE 


PERCENT  REDUCTION 


Examples  of  Strength  Increases  Obtained 
by  Aus-shear  Forming 
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Tensile  strength  and  0.2  percent  yield  strength  are  plotted  versus  percent  reduction. 
Data  shown  are  for  Halcomb  218  (H-11),  LaBelle  HT,  and  Super  Tricent  taken  from 
a  pamphlet  published  by  the  General  Electric  Company*  about  a  year  ago,  a  0.  40  per¬ 
cent  C  steel  from  some  results  from  Ford,  and  4340  steel  from  work  at  Watertown 
Arsenal  Laboratories.  These  results  are  taken  from  published  work,  and  hence  are 
not  compared  at  the  same  tempering  temperature. 

Note  that  the  curves  for  the  .  40  C  steel  and  the  4340  are  parallel,  i.  e.  the  same 
amount  of  strengthening  per  unit  reduction  was  achieved.  The  4340  steel  was  de¬ 
formed  by  single  pass  rolling  at  1000  F,  and  no  strain  induced  transformation  occurred 
during  rolling  (A  similar  curve  for  rolling  at  1550  F,  above  the  critical  temperature, 
could  have  been  plotted).  There  is  reason  to  believe  that  the  .  40  C  steel  used  by 
Ford  did  not  show  any  transformation  during  rolling.  The  slopes  of  these  curves  then 
can  be  interpreted  as  representing  the  strength  increase  that  can  be  obtained  by  form¬ 
ing  martensite  in  cold-rolled  austenite. 

The  Super  Tricent  shows  a  slope  slightly  greater  than  the  previous  two  steels. 

As  was  pointed  out  in  the  paper,  there  were  indications  that  a  small  amount  of  strain 
induced  transformation  occurred  during  rolling.  The  LaBelle  HT  and  Halcomb  218 
show  the  greatest  slopes,  and  these  are  the  steels  which  gave  the  greatest  indications 
of  strain  induced  transformation.  As  Mr.  Jones  pointed  out,  the  strengthening  here 
is  partially  accounted  for  by  strain  hardening  of  the  transformation  products. 

The  conclusions  to  be  drawn  from  this  are  rather  obvious.  The  highest  strengths 
can  be  obtained  where  there  is  isothermal  transformation  and  further  cold  work  of  the 
transformation  products.  This  may  be  accompanied  by  reduced  ductility  and  tough¬ 
ness.  If  isothermal  transformation  products  can  be  avoided,  the  highest  strengths 
can  be  achieved  in  steels  having  the  highest  heat-treated  strength. 

Finally,  I  would  like  to  ask  Mr.  Jones  a  question  concerning  directionality.  He 
reported  inferior  notch  sensitivity  in  the  transverse  direction.  Does  he  feel  that  this 
directionality  is  a  result  of  aus -shear  forming  or  would  he  expect  to  find  similar 
directionality  if  the  material  had  been  heat-treated  after  shear  forming?  I  ask  this 
question,  since  in  our  work  at  Watertown  Arsenal,  we  found  that  there  was  a  signifi¬ 
cant  difference  between  ductility  and  impact  toughness  in  the  longitudinal  and  trans¬ 
verse  directions  after  austenrolling  50  percent,  but  that  this  difference  existed  even  in 
the  normal  heat-treated  condition,  without  any  rolling.  A  relatively  small  change  in 
the  yield  and  tensile  strength  could  be  attributed  to  the  preferred  orientation  developed 
during  rolling. 


*  "Cases  and  Nozzles  for  Solid  Propellant  Rocket  Motors",  Rocket  Engine  Section, 
General  Electric  Company. 
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B.  S.  Jones  That  is  a  good  point,  we  did  not  check  this  and  I  might 

add  that  the  initial  work  was  done  on  air  melted  material  and  the  later  work  that  we 
have  done  has  been  on  vacuiim  arc  melted  material  which  I  am  sure  is  a  good  deal 
cleaner.  I  guess  I  cannot  really  substantiate  this  with  actual  data,  but  microstmc- 
tural  observations  indicate  that  the  shear  forming  does  produce  a  highly  fiberous 
structure.  When  you  test  'With  the  fiber  direction,  the  orientation  of  your  notch  will 
be  across  fibers.  You  should  expect  less  notch  sensitivity  here  than  in  the  case' 
where  you  take  a  specimen  transverse  to  the  roiling  direction,  and  if  you  notch  this, 
fracture  is  likely  to  follow  right  along  grain  (or  fiber)  boundaries.  So  I  still  think 
that  the  directionality  effect  will  increase  with  the  degree  of  fibering  which  is  the 
result  one  would  of  course  expect  with  increasing  reduction  by  shear  forming.  If 
you  only  do  50  percent  shear  forming  reduction,  notch  sensitivity  will  be  less  pro¬ 
nounced  than  if  you  do  80  to  90  percent. 

J.  F.  Watson  I  would  like  to  direct  this  question  to  Mr.  Spaeth  re¬ 

garding  your  hydrogen  embrittlement  hypothesis  occurring  during  hydrostatic  test. 

I  feel  uneasy  about  this  hypothesis  if  it  is  based  only  on  the  similarity  in  appear¬ 
ance  between  a  crack  in  your  sample,  and  cracks  in  other  samples  known  to  be 
hydrogen  embrittled.  Do  you  have  supporting  data,  or  do  you  plan  confirming  ex¬ 
periments  such  as  varying  the  pH  of  the  solution  and  obtaining  correlations  of  burst 
pressure  with  hydrogen  ion  concentration,  or  better  yet,  analyzing  for  hydrogen  in 
that  volume  of  the  sample  believed  to  be  embrittled? 

C.  B.  Spaeth  There  was  supporting  evidence,  but  we  have  not  done 

nor  do  we  plan  to  do  supporting  tests  involving  the  alkalinity  or  acidity  of  the 
pressurizing  fluid.  I  think  this  answers  your  question,  but  I  woaild  enlarge  just 
slightly  on  some  of  the  important  parts.  The  failure  exhibited  a  dark  appearance 
under  macroscopic  examination  and  this  observation  relates  to  another  observation 
by  Troiano  that  there  is  a  very  smooth  trans -granular  nature  to  the  fractures  over 
that  region  which  was  a  slow  fracture  in  contrast  with  the  subsequent  regicyn  which 
occurs  at  a  catastrophic  rate.  Whereas  a  stress  corrosion  failure,  the  other 
thing  it  might  have  been,  is  an  intergranular  affair  in  the  martensitic  steel.  Also 
these  cracks  were  not  branched,  and  a  feature  of  cracks  in  martensitic  steels 
when  they  occur  by  stress  corrosion,  is  a  branched  crack.  These  branches  can  • 
be  made  to  disappear  and  the  failure  becomes  a  single  crack  if  a  cathodic  charg¬ 
ing  is  used.  When  cathodic  charging  is  used,  the  failure  is  due  to  hydrogen  em¬ 
brittlement,  and  you  get  a  single  crack  as  opposed  to  a  branched  intergranular 
crack.  So  on  the  basis  of  these  additional  factors  which  I  deleted  from  my  privious 
resume,  we  are  satisfied  with  the  hydrogen  explanation. 

T.  H,  Bums  I  would  like  to  addres  s  my  question  to  Dr.  Haitbower. 

Have  you  done  any  electron  beam  welding  of  titanium? 


C.  Hartbower  No,  Wo  ha»»  not,  Tfcore  Is  in  existence  an  Ordnance  Materials 

Research  Office  coidiract  that  inclndes  electrcm  beam  welding  of  a  number  of  materials, 
B-120  VGA  titanium  is  among  them,  also  fully  hard  cold-worked  stainless  steel.  This 
Work  is  now  in  progres  s . 

T.  H.  Bums  We  have,  Dr,  Hartbower,  found  that  there  is  a  tremendous 

amount  of  reduction  in  the  coarsening  tendency  normal  for  a  TIG  type  weld  in  B-120 
VGA  compared  to  that  coming  from  the  electron  beam  process.  As  a  matter  of  fact, 
this  factor  of  crystal  size  is  a  matter  of  great  importance.  The  physical  properties 
resulting  from  this  lack  of  coarsening  are  surprising.  Elongation  values  many  times 
those  coming  from  Heliarc  welds  have  been  received.  I  would  like  to  ask  Mr.  Jones 
if  GB  has  done  any  room  temperature  deformation  of  30  to  40  percent  reduction  of  mar¬ 
tensite? 


B,  S,  Jones  We  have  done  some  experiments  on  cold  rolling  semi-auste- 

nitic  steels  in  various  conditions  of  micro-structure.  I  guess  the  closest  thing  that  we 
have  done  in  respect  to  your  question  is  -some  rolling  of  AM  355  type  alloys,  where  you 
have  martensitic  plus  austenitic  duplex  structures,  and  also  on  a  structure  leaning  more 
toward  the  martensitic  than  austenitic. 

T.  H.  Bums  We  have  done  some  of  this  at  Thiokol,  On  the  4340  steels  we 

were  able  to  get  as  high  a  yield  strength  as  310,  000  psi  with  350,  000  psi  ultimate 
coming  out  of  them  at  45  percent  reductions  of  area, 

W.  A.  Backofen  What  was  the  condition  of  this  material? 

T.  H.  Bums  Tempered  martensite  G  Rc  50-52, 

E,  S,  Jones  Very  good.  I  have  a  question  for  fellow-panel  member  Hart- 

bower.  In  his  description  of  M,  I. G.  versus  T,  I.  G.  welding,  he  has  some  other  inform¬ 
ation  that  I  think  would  be  of  interest  to  the  group,  and  that  is  the  results  of  analyses  for 
atmospheric  contamination  and  also  of  grain  size,  which  I  think  is  quite  important, 

C,  Hartbower  In  welding  with  the  relatively  high -energy -input  tungsten 

inert -gas -shielded  (TIG)  process,  we  anticipated  higher  interstitial  content  than  with  the 
low-energy-input  consumable-electrode  (MIG)  process  but  chemical  analysis  of  the  weld 
deposits  did  not  sfibstantiate  this.  Another  possibility  for  explaining  the  greater  notch 
toughness  generally  realized  in  the  MIG  welds  is  less  grain  growth.  The  rapidly  cooled 
MIG  welds  had  decidedly  finer  structure  than  the  high-energy-input  TIG  welds, 

N.  L,  Reed  I  have  a  question  on  why  there  is  a  broad  spread  between  the 

yield  and  ultimate  strength? 


III-147 


E,  S,  Jones  We  are  looking  for  a  fair  amount  of  plastic  deform¬ 

ation  once  the  yield  has  been  exceeded,  or  putting  in  another  way,  we  want  to 
have  ample  opportunity  to  dissipate  stress  concentrations  before  we  reach  the 
fracture  stress.  It  is  hard  to  maintain  a  large  spread  between  yield  and  tensile 
if  you  emphasize  high  yield  strength.  Another  explanation  for  why  we  got  such 
a  large  difference  I  think  was  in  the  retained  austenite  which  we  definitely  did 
have.  The  last  slide  I  showed  gave  the  results  of  refrigeration  on  some  samples 
and  it  resulted  in  a  decided  boost  in  yield  strength.  In  other  words  the  difference 
between  yield  and  ultimate  was  decreased  appreciably.  So  part  of  that  difference 
is  due  to  retained  austenite. 

A.  Hurlich  As  usual  I  would  like  to  express  a  contrary  point  of 

view.  If  you  have  a  wide  spread  between  yield  and  ultimate,  you  are  wasting  a 
lot  of  strength  because  if  you  design  to  a  given  yield  strength  design  allowable, 
what  advantage  does  it  provide  if  you  have  400,  000  psi  ultimate  but  you  have  to 
limit  the  design  to  the  200  to  250,  000  psi  yield  strength  that  you  get.  I  would 
advocate  having  a  reasonably  small  spread  between  yield  and  ultimate. 

W.  A.  Backofen  I  would  like  to  make  an  observation  here.  It  seems  to 

me  that  Mr.  Hurlich' s  view  is  a  "having  your  cake  and  eating  it  too"  point  of 
view.  It  may  be  argued  quite  convincingly,  as  I  tried  to  indicate  in  the  opening 
talk  that  an  over-all,  more  persistent  rate  of  strain  hardening,  which  means  in 
effect  a  higher  tensile-to  -yield  ratio,  is  useful  in  building  up  fracture  toughness. 
Some  day  we  have  to  come  to  grips  with  the  problem  of  what  is  to  be  done  metal- 
lurgically  to  regulate  this:  quality  of  fracture  toughnes  s .  A  good  case  can  be  made 
for  the  belief  that  ability  to  strain  harden  would  contribute  to  fracture  toughness 
by  giving  the  essential  requirement  of  a  large  plastic  volume  at  the  prack  tip.  But, 
what  has  been  suggested  is  that  as  soon  as  a  gap  exists  between  yield  and  tensile, 
we  close  this  gap  in  some  way  by  elevating  the  yield  strength.  The  result  may  be 
a  higher  yield  stress  for  design  purposes,  but  the  price  is  quite  likely  to  be  reduced 
fracture  toughness.  Undoubtedly  there  is  something  of  a  balance  to  be  struck  there. 

H.  Bernstein  I  think  we  ought  to  try  to  agree  on  why  there  is  a  big 

spread  between  yield  and  tensile  strength.  If  it  is  retained  austenite,  we  ought  to 
avoid  it  like  the  plague  because  the  motor  case  will  be  subjected  to  prestressing 
prior  to  service  use.  We  will  get  a  strain  induced  transformation  of  austenite  to 
martensite.  The  toug^ess  of  the  martensite  is  very  low. 

W.  A.  Backofen  But  do  we  know  that  this  is  bad? 

H.  Bernstein  Well,  all  of  our  data  have  shown  that  the  higher  the 

matrix  strain,  the  lower  the  toughness,  and  as  you  temper  back  you  increase  the 
toughness.  If  you  are  going  to  have  areas  of  untempered  martensite,  you  will  have 
very  low-fracture  toughness  areas. 
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It  is  the  objective  of  this  session  to  present  to  this  conference  a 
summary  of  the  current  views,  concepts,  and  theories  of  fracture,  crack  in¬ 
itiation  and  crack  propagation.  An  up-to-date  review  of  the  subject  is  the 
main  topic  of  this  introductory  talk.  Then,  several,  of  the  most  recent  ad¬ 
vances  in  theory  and  experiment,  pertinent  to  a  more  basic  understanding  of 
fracture  mechanics,  will  be  discussed  by  the  panel  members  of  this  session. 

This  conference  is  mainly  concerned  with  the  engineering  aspects  of 
the  broad  fracture  problem.  The  desired  goal  is  the  establishment  of  reliable 
design  criteria  on  the  basis  of  which  it  would  be  possible  to  achieve  maximum 
utilization  of  currently  existing  materials  to  advanced  design  systems.  In 
most  hopeful  and  general  terms,  the  question  before  us  is:  "What  physical 
material  constants  and  parameters  determine  fracture  and  how  can  these  con¬ 
stants  (if  any)  be  used  to  accurately  predict  fracture  for  a  given  applied 
stress  system?"  In  answer  to  this  question  we  require  a  basic  understanding 
of  the  cohesive  strength  of  crystalline  materials  and  of  the  effects  of  im¬ 
purities  and  applied  stress  system  on  the  cohesion.  It  has  often  been 
pointed  out  that  strength  properties  are  hard  to  define,  in  terms  of  physical 
constants,  as  these  are  extremely  structure  sensitive.  It  is  also  well  known 
that  properties  depending  on  energy  values  are  far  less  structure  sensitive, 
i.e.  heat  of  fusion,  heat  of  evaporation,  specific  heat  etc.  For  this  reason 
great  efforts  have  been  made  to  develop  fracture  concepts  along  the  path  (or 
detour)  of  energy  balance  principles.  However,  such  an  analysis  requires  the 
use  of  quantities  which  are  structure  sensitive  (surface  tension)  and  not 
much  is  gained  compared  to  a  direct  approach. 

That  the  energy  balance  approach  might  be  a  detour  can  be  seen  from 
the  analysis  of  the  fracture  problem  on  an  ideal  material.  The  material  in 
question  has  a  linear  stress-strain  relationship  to  fracture.  Separation 
occurs  when  the  applied  force  equals  the  cohesive  strength:  the  fracture 
stress  is  a  materials  constant.  Thus  the  Lame-Navier  fracture  concept  pro¬ 
posed  in  1828  (1)*.  Even  if  the  fracture  strength  were  not  a  universal  ma¬ 
terial  constant  but  depended  upon  the  stress  system  (biaxiality,  triaxiality ), 
this  dependence  could  be  determined. 
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The  Lame-Navier  fracture  concept  does  not  make 
elastic  material,  but  was  intended  for  metals, 
a  similar  concept  by  postulating  the  existence 
fracture  stress. 


reference  to  an  ideally 
Ludwick  (2)  proposed 
of  a  critical  brittle 
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There  are  two  basically  different  approaches  to  the  fracture  problem: 
the  macroscopic  approach  and  the  microscopic  approach.  Hie  latter  tells  us  how 
well  the  assumptions  made  in  the  former  are  Justified. 

The  presently  accepted  macroscopic  approach  is  the  Griffith  Brittle 
Fracture  Concept  (3)  proposed  in  1921  and  modifications  based  thereon  (4,  6). 

It  is  an  energy  balance  concept  expressed  in  terms  of  the  crack  length,  the 
applied  stress  and  material  constants.  It  has  been  shown  that  it  applies  not 
only  to  glass  and  other  ideally  brittle  materials  but  also  to  metals  showing  mo¬ 
derate  plastic  flow  at  the  tips  of  the  crack  (4).  The  existence  of  cracks  is 
postulated.  This  postulate  is  necessary  as  it  is  the  only  explanation  for  the 
discrepancy  between  observed  and  theoretical  strength. 

Fracture  concepts  which  do  not  make  use  of  the  energy  balance  principle 
have  also  been  proposed  for  metals.  One  of  these  concepts  which  deserves  partic¬ 
ular  attention  was  proposed  by  Beeuwkes  (?)  at  the  Third  Sagamore  Research  Confe¬ 
rence.  It  is  based  on  the  stress-strain  characteristics  of  actual  materials  up 
to  fracture.  Beeuwkes  has  shown  that  a  straight  line  relationship  between  stress 
and  strain  to  fracture  is  obtained  when  the  true  stress  is  plotted  against  the 
hyperbolic  true  strain,  as  shown  in  Fig.  1.  He  postulates  the  existence  of  a 
"fracture  corner",  the  location  of  the  termination  points  of  the  stress-strain 
curves.  Brittle  fracture,  in  a  loose  terminology,  is  defined  by  a  constant  frac¬ 
ture  stress  while  ductile  fracture  is  determined  by  a  constant  fracture  strain. 

He  also  found  that  in  this  representation  the  stress-strain  curves  for  face 
centered  cubic  metals  Investigated  are  parallel  while  those  for  body  centered 
cubic  metals  intersect  each  other  at  one  point,  as  shown  in  Fig.  2. 

As  the  main  portion  of  this  paper  deals  with  macroscopic  fracture 
concepts,  it  appears  desirable  to  discuss  briefly  the  microscopic  foundation  of 
some  of  the  macroscopic  concepts.  This  of  course  involves  dislocation  mechanics 
applied  to  the  formation  of  cracks. 

The  problem  is  how  the  conversion  from  glide  dislocations  to  cavity 
dislocations  takes  place.  Four  possible  models  are  shown  in  Fig.  3  taken  from 
Cottrell  (8).  The  mechanisms  illustrated  are:  l)  pile-up  of  edge  dislocations, 

2)  pile-up  in  a  slip  band  of  edge  dislocations  against  a  grain  boundary,  3)  shear 
on  two  intersecting  slip  bands  and  4)  slip  band  crossing  a  tilt  boundary.  In 
order  for  any  of  these  systems  to  work  it  is  necessary  that  the  elastic  energy 
which  the  dislocations  bring  with  them  is  not  dispersed  through  plastic  flow  in 
the  nearby  material.  In  materials  having  only  one  or  two  easy  slip  systems,  the 
mechanisms  are  feasible  -  the  brittleness  of  hexagonal  metals  can  be  explained 
on  this  basis,  see  Pig.  4.  For  cubic  crystals  with  good  slip  systems  in  several 
directions,  Mott  (9)  and  Stroh  (lO)  pointed  out  that  a  yield  drop  is  required 
for  the  mechanism  to  work.  Such  a  phenomenon  gives  rise  to  dislocation  ava¬ 
lanches  which  run  together  and  form  a  crack  before  nearby  dislocation  sources 
can  start  working.  To  delve  further  into  the  details  of  dislocation  theory  and 
its  application  to  the  fracture  problem  would  be  beyond  the  scope  of  this  confe¬ 
rence.  An  excellent  up  to  date  summary  of  the  atomic  mechanisms  of  fracture  was 
presented  in  the  1959  Swampscott  Conference  on  Fracture  (ll).  Let  it  suffice 
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to  say  that  the  assumption  of  the  existence  of  cracks  appears  justified. 

With  the  help  of  these  micromechanisms  for  crack  formation,  and  the  Griffith 
concept,  Cottrell  (l2)  and  Fetch  (ll)  were  able  to  define  fracture  in  terms 
of  the  yield  strength,  the  dislocation  pinning  strength  and  the  surface 
tension  by  the  well  known  equation: 

where  Cy  is  the  yield  strength,  d  the  grain  size,  P  a  constant  (=2  for 
torsion,  =1  for  tension  and  =  1/3  in  the  plastically  constrained  zone  at 
the  root  of  a  notch)  p,.  the  shear  modulus  and  y  the  surface  tension,  k 
0-./*  *fhere  do  is  the  unpinning  stress  for  the  temperature  and  time  con¬ 
cerned  and  Jl  the  spacing  of  the  dislocation  sources.  This  equation  gives 
information  on  both  brittle  and  ductile  fracture.  When  the  left  hand  side 
exceeds  the  right  hand  side,  the  yield  stress  is  more  than  sufficient  to 
propagate  the  microcracks.  On-  the  other  hand,  when  the  right  hand  side  is 
larger  than  the  left  hand  side,  the  yield  stress  does  not  suffice  to  pro¬ 
pagate  the  microcracks.  The  equality  sign  defines  the  condition  for  frac¬ 
ture  transition.  It  is  interesting  to  note,  that  the  surface  energy  finds 
its  way  into  the  above  equation  via  the  Griffith  concept.  Thus  far  there 
was  no  information  available  concerning  the  effect  of  surface  tension.  Re¬ 
cent  experiments  which  Dr.  Rostoker  will  discuss  in  this  session  constitute, 
to  my  knowledge,  the  first  experimental  test  of  the  Griffith  concept  with 
respect  to  its  fundamental  constant,  the  surface  energy. 


THE  GRIFFITH  CRACK  CONCEPT 

The  Griffith  concept  states  that  an  existing  crack  of  length 
2c  will  propagate  cataclysmically  if  the  strain  energy  release  due  to 
the  crack  is  larger  than  the  surface  energy  gain,  i.e.  if  the  total  free 
energy  of  the  system  is  lowered  by  an  increase  of  c.  Although  the  con¬ 
cept  is  well  known  and  understood  it  appears  useful  to  review  it  in  terms 
of  Irwin's  5  values. 

Let  the  change  in  the  total  system  energy  of  an  elastic  solid 
due  to  a  crack  of  length  2c  in  an  otherwise  uniform  stress  field  Cf  in  the 
direction  normal  to  the  plane  of  the  crack  be 


AW  =  A  E  +  AT 


where  T  is  the  change  in  surface  energy  (area  of  the  crack  times  the 
surface  tension  per  unit  area,  A  •  T)  and  A  E  the  change  in  elastic 
strain  energy  due  to  the  presence  of  the  crack.  The  change  in  elastic 
strain  energy  can  be  expressed  by  an  intergral 

C 

E  =-/  g.l(c  )  dc 


IV- 3 


where  is  the  elastic  strain  energy  release  rate  per  unit  edge  length 
of  the  crack  and  l(c)  the  edge  length  of  the  crack.  The  strain  energy 
release  rate  is  a  function  of  both  the  applied  stress  and  the  geometri¬ 
cal  variables  of  the  crack.  Instability,  and  cataclysmic  crack  propa¬ 
gation  occurs  if 

6(Ag.)  ^  o 


or 

Oc 


It  should  be  noted  that  for  all  crack  forms  thus  far  investigated 

q~  J.  ,  =  2  T 

Ac)  ^ 

which  means  that  the  assumption  of  a  constant  surface  energy  term  is 
synonymous  to  the  assumption  to  a  constant  S'  =  • 

Orowan  (4)  has  shown,  for  an  elastic  solid,  that  the  Griffith 
condition  for  crack  propagation  is  not  only  a  necessary  but  also  a  suf¬ 
ficient  condition  for  brittle  fracture.  He  has  pointed  out  that  the 
stress  at  the  tip  of  a  Griffith  crack  equals  the  cohesive  strength  of 
the  material  and  that  the  stored  elastic  energy  for  both  the  fixed  grip 
and  the  fixed  load  condition  is  more  than  sufficient  to  propeigate  the 
crack.  But  he  has  also  shown  that  for  metals  the  discrepancy  between 
the  appai’ent  and  the  true  surface  energy  is  several  orders  of  magnitude. 
This  is  due  to  plastic  flow  at  the  root  of  the  notch  which  consumes  a 
certain  part  of  the  liberated  elastic  energy  thus  making  it  unavailable 
for  the  propagation  of  the  crack.  He  suggested  that  Griffith's  equation 
be  modified  to  Include  an  energy  terra  for  plastic  work  P  which  is  assumed 
to  be  a  constant  for  a  given  material.  This  concept  is  applicable  to 
metals  as  long  as  the  plastic  zone  near  the  root  of  the  notch  is  small 
compared  to  the  crack  length.  In  accordance  with  the  experimental  results 
on  "semiductile"  metals  the  energy  balance  principle  may  be  expressed  by 
the  equation 

_L  (T-t>P).A] 

/(C)  6c 

which,  if  9  is  known  as  a  function  of  the  crack  geometry  and  the  applied 
stress,  defines  the  fracture  strength  of  metals  in  the  presence  of  cracks. 
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An  analytic  determination  of  requires  a  knowledge  of  the  stress 
distribution  in  the  materials  surrounding  the  crack.  The  stress  field 
equations,  most  easily  applicable  to  this  problem,  were  developed  by 
Westergaard  (13)  based  on  a  two-dimensional  stress  analysis  are  for  either 
plane  stress  or  plane  strain,  and  are  given  below 


= 
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where  y  is  the  direction  normal  to  the  plane  of  the  crack,  r  the  radial 
distance  from  the  tip  of  the  crack  and  B  the  angle  between  r  and  x,  see 
Fig.  5-  In  completing  the  intergration  to  determine  the  strain  energy 
release  rate  it  turns  out  that  9  =  K^/e  where  E  is  Young's  modulus.  Both 
Cj  and  K  are  of  course  functions  of  the  stress  and  the  crack  length.  The 
early  work  on  fracture  mechanics  by  Irwin  and  his  coworkers  cf.  (6)  em¬ 
ployed  the  Griffith  energy  balance  principle  to  a  phenomenological  de¬ 
scription  of  the  fracture  process  by  postulating  that  a  material's  re¬ 
sistance  to  sudden  fracture  is  characterized  by  a  critical  value. If 
the  strain  energy  release  rate  exceeds  this  critical  value,  sudden  frac¬ 
ture  occurs.  As  the  underlying  stress  analysis  is  two  dimensional,  it 
is  not  surprising  that  experimental  Qt.  values  depend  upon  the  sheet  thick¬ 
ness. 


Recently  it  was  recognized  (lif,15)  that  the  Westergaard  stress 
field  equations  can  also  be  utilized  in  a  phenomenological  description 
of  the  fracture  process  (without  the  detour  over  an  energy  balance  prin¬ 
ciple)  with  the  help  of  the  Sachs  elastic  strain  distribution  concept 
(l6)  also  expressed  by  Lubahn's  congruency  principle  (l?)^  according  to 
which  the  fracture  strength  of  specimens  having  the  same  stress  distri¬ 
bution  at  and  near  the  root  of  a  notch  or  crack  is  a  material  constant. 
This  stress  distribution  for  sharp  cracks  in  plane  stress  or  plane  strain 
is  completely  defined  by  the  stress  intensity  factor,  K,  appearing  in 
Westergaard 's  equations.  The  material's  resistance  to  sudden  crack  pro¬ 
pagation  can  now  be  characterized  by  a  maximum  stress  intensity  which 
it  will  withstand.  The  fact  that  hnd  K  are  related  by  the  modulus  of 
elasticity,  and  that  their  relationship  for  the  Westergaard  analysis  is 
independent  of  the  applied  stress  and  the  crack  length,  makes  the  two 
fracture  descriptions  identical  as  far  as  a  fracture  stress  crack  length 
dependence  is  concerned. 

The  equation  for  9  and  K  for  the  infinite  plate,  the  finite 
plate  and  the  three  dimensional  case  are  shown  on  Table  I. 


Methods  and  procedures  for  determinations  of  for  sheet  materials 
iare  discussed  in  great  detail  by  the  ASTM  Committee  Report  of  Fracture  Testing 
of  high  strength  sheet  materials  (l8). 

It  has  been  demonstrated,  that  for  most  metals  an  existing  crack 
propagates  first  at  a  slow  speed  and  that  only  after  a  critical  crack  length 
is  reached  does  the  transition  to  sudden  fracture  take  place.  Realistic  or 
or  corrected  surface  tension  values  can  only  be  obtained  if  the  stress  and 
the  crack  length  at  this  moment  of  transition  is  accurately  known.  It  also 
Implies  that  specimens  of  sufficient  size  have  to  be  used  and  they  become  rather  large 
as  the  ductiliby  of  the  material  in  question  is  above  a  certain  value.  However, 
it  is  maintained  that  this  transition  takes  place  for  all  materials  as  long  as 
the  size  is  sufficiently  large  (6). 

It  has  to  be  understood,  however,  that  the  above  mentioned  analytical 
methods  to  derive  equations  for  K  are  based  on  a  two  dimensional  elastic  stress 
analysis  which  cannot  be  expected  to  account  for  effects  of  sheet  thickness  and 
plasticity.  Dr.  Ind-n  will  discuss  the  effects  of  plasticity  and  plate  thickness 
and  present  a  correction  method  whereby  these  effects  can  be  Incorporated  into 
two-dimensional  elastic  fracture  mechanics. 

Fast  fracture  occurs  not  only  in  the  form  of  a  flat  tensile  crack  but 
also  in  the  form  of  an  oblique  shear  crack  (19)-  One  must  assume  that  the 
energy  absorptions  for  these  two  fracture  modes  are  different.  Often  a  transi¬ 
tion  between  the  two  modes  takes  place  during  isothermal  testing  of  sheet  speci¬ 
mens.  The  ratio  of  flat  to  shear  portion  of  a  fracture  surface  depends  upon  the 
test  temperature  and  is  used  as  one  index  for  the  transition  to  brittle  behavior 
of  a  material.  An  analysis  of  these  phenomenal  will  be  presented  by  Mr.  Srawley. 

Now  .the  question  arises:  can  the  modified  Griffith  concept  be  used  as 
a  design  criterion?  Winnie  and  Wundt  (20)  claim  that  it  is  possible  to  classify 
forgings  by  the  degree  of  their  susceptibility  to  brittle  fracture  in  the  presence 
of  discontinuities  by  means  of^  values.  Irwin  and  his  coworkers  (l4)  have 
suggested  to  relate  the  qc  or  K^.  value  of  a  material  in  consideration  to  the 
yield  strength  or  the  ultimate  tensile  strength  and  determine  a  critical  crack 
size.  The  design  and  the  material  should  be  chosen  in  such  a  way  that  cracks 
of  critical  size  can  be  detected  on  inspection.  Such  a  design  criterion,  which 
places  the  major  responsibility  on  inspection  procedures,  has  several  short¬ 
comings:  a)  it  puts  a  severe  penalty  on  mild  notches  which  could  withstand  a 
much  higher  stress  than  determined  by  the  modified  Griffith  theory,  b)  it  hope¬ 
fully  assumes  that  critical  cracks,  be  they  only  approximately  a  hundred  atomic 
dimensions  wide,  can  be  detected,  and  c)  it  involves  assumptions  concerning  the 
growth  of  cracks  of  subcritical  size  to  critical  sire,  which  are  at  present  not 
clarified. 


THE  NEUBER  CONCEPT 

Neuber's  Theory  of  Notch  Stresses  (21 )  is  well  known  and  has  been 
utilized  for  many  years  in  the  design  of  parts  having  notches,  grooves,  fillets. 
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and  so  forth.  The  stress  distributions  for  a  great  number  of  geometri¬ 
cal  configurations  and  applied  stress  systems  at  locations  of  stress 
concentration  are  analyzed.  As  a  consequence  of  this  analysis,  stress 
concentration  factors  are  determined  which  relate  the  existing  maximum 
stress  C  mny  to  the  applied  average  stress  CJjjby  the  equation 

,,  C  max 


Stress  concentration  factors  for  a  wide  variety  of  geometrical  configu¬ 
rations  and  stress  systems  can  be  found  in  e.g.  Peterson  (22).  There¬ 
fore,  a  brittle  fracture  concept  can  be  formulated  with  the  help  of 
Neuber's  stress  concentration  factors  and  the  Lame-Navier  concept  which 
assumes  o'  to  be  a  material  constant.  This  concept  would  be  expect- 
ed  to  hold  for  brittle  materials  where  all  deformation  to  fracture  is 
elastic,  and  for  mild  notches  for  which  K  does  not  exceed  6  or  8.  The 
material  constant  0  mpy  has  to  be  determined  by  extrapolation  of  Ojjvs . 

K  curves  to  K  =  1.  Even  for  the  most  brittle  materials  investigated, 
this  extrapolation  does  not  lead  to  the  atomic  cohesive  strength  but  to 
a  considerably  lower  value,  which,  if  desired,  could  be  used  to  make 
guesses  about  the  size  and  distribution  of  microcracks.  Mr.,  Sessler 
will  present  data  obtained  at  Syracuse  which  indicate  that  the  adoption 
of  the  above  fracture  concept  is  certainly  feasible  to  describe  frac¬ 
ture  in  a  brittle  metal.  For  other  than  almost  ideally  brittle  mate¬ 
rials,  this  concept  is  very  conservative  as  can  be  shown  on  the  basis 
of  the  many  notch  strength/tensile  strength  ratio  vs.  K  curves  avail¬ 
able  for  technical  materials  (23,2l+,25,26) . 

Before  going  to  Neuber's  theory  of  pointed  notches,  mention 
should  be  made  of  a  rather  neglected  subject:  the  stress  gradient  at 
the  root  of  a  notch,  and  the  section  size  effect  which  is  intimately 
related  to  the  stress  gradient.  It  is  generally  recognized  that  more 
than  Just  the  maximum  stress  at  the  notch  root  should  be  considered  in 
an  analysis  of  fracture  phenomena.  The  Griffith  concept  does  this  in¬ 
directly  by  integrating  over  the  entire  portion  of  the  stress  field  to 
obtain  the  elastic  energy  release.  With  the  help  of  Neuber's  equations 
concerning  the  stress  distribution  in  the  proximity  of  notches,  it  is 
possible  to  obtain  a  mathematical  expression  for  the  stress  gradient 
in  terms  of  stress  concentration  factor  and  notch  root  radius.  Within 
an  error  of  not  more  than  10  percent,  the  stress  gradient  for  edge 
notched  and  centrally  notched  sheet  specimens  is  given  by 


6oy  j  _  p  _  '^^mx  _ 
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where  r  is  the  notch  root  radius^  Cjj  the  average  notch  stress  and  K  the 
stress  concentration  factor,  (27,  28,  29).  That  this  gradient  is  related 
to  the  size  of  the  specimen  can  be  seen  by  keeping  K  constant  and  increas¬ 
ing  the  size  of  the  specimen.  The  gradient  decreases  with  size  if  the 
notch  depth  is  kept  constant.  The  loss  of  strength  with  increasing  size  can 
thus  be  related  to  stress  gradient.  No  theoretical  concepts  concerning  such 
relationships  are  available  yet,  although  experimental  evidence  indicates 
that  this  is  feasible.  In  Figure  6  are  plotted  the  notch  strength 

values  of  several  tests  on  an  extremely  brittle  Ti-2.5Al-l6v  sheet  against 
the  overall  size  and  the  crack  length  c.  Ihree  test  sequences  are  reported: 
a)  low  stress  concentration  K  =  4  constant,  constant  percent  notch  depth, 
increasing  size,  b)  low  stress  concentration  K  =;  5  and  stress  gradient  con¬ 
stant,  increasing  size  variable  notch  depth  and  c)  extremely  high  stress 
concentration  (r  =  0.001  in),  constant  percent  notch  depth,  increasing  size. 

The  modified  Griffith  concept  for  sequence  c)  predicts  cf/^  =  constant.  How¬ 
ever,  it  appears  that  the  observed  size  effect  for  sheet  materials  is  less 
than  predicted.  The  Neuber  fracture  concept  predicts  no  size  effect  at  all 
for  series  a).  However,  again  a  size  effect  similar  to  that  observed  in 
series  c)  is  obtained  while  no  size  effect  at  all  is  observed  in  series  b) 
for  which  not  only  K  but  also  stress  gradient  was  kept  constant.  This  sug¬ 
gests  an  amendment  of  the  Neuber -Lame -Navi er  fracture  concept  to  include  the 
stress  gradient  as  well.  Extensive  further  testing  will  be  required,  to 
arrive  at  such  a  concept.  The  results  point  to  a  fracture  criterion  proposed 
several  years  ago  by  Sachs  (l6)  that:  the  fracture  strength  of  specimens 
having  the  same  stress  stare  (stress  concentration  factor  and  stress  gradient) 
at  the  root  of  the  notch  is  a  material  constant. 

Another  Interesting  by-product  of  our  study  on  the  effects  of 
stress  gradient  concerns  the  degree  of  biaxiallty  at  the  notch  root.  By  an 
analogy  to  the  stress  distribution  of  smooth  bend  specimens  for  which  the 
biaxiallty  is  determined  by  the  width  to  thickness  ratio  (30)  as  shown  in 
Fig.  'Jf  it  could  be  shown  that  the  biaxiallty  developed  at  the  root  of  a 
notch  in  a  flat  sheet  depends  on  the  thickness  to  root  radius  ratio,  see  Fig.  8. 
Thus  full  biaxiallty,  i.e.  the  ratio  of  hoop  stress  to  membrane  stress  equals 
1/2,  is  predicted  for  specimens  for  which  the  thickness  to  notch  root  radius 
ratio  exceeds  the  value  8.  The  experimental  results  obtained  by  Loetsch  (31) 
have  recently  confirmed  this  thesis  to  the  extent  that  full  biaxiallty  is  de¬ 
veloped  at  the  center  of  a  notch  for  all  t/r  ratios  larger  than  10.  No  data 
are  available  at  present  for  specimens  having  smaller  t/r  ratios. 

For  stress  concentration  factors  larger  than  8,  Neuber 's  original 
theory  becomes  unrealistic  (^).  For  extremely  sharp  notches  K  would  assume 
values  proportional  to  2/17r  .  In  order  to  arrive  at  realistic  values  for  K, 
the  finite  size  of  the  structural  units  has  to  be  considered.  The  differential 
equations  used  to  solve  the  continuum  -mechanics  problem  for  mild  notches  have 
to  be  replaced  by  difference  equations  corresponding  to  the  finite  size  of  the 
structural  units  as  soon  as  the  root  radius  approaches  the  size  of  these  units. 
However,  the  failure  of  the  classical  theory  of  elasticity  concerns  only  the 
region  of  high  stress  gradient  at  the  notch  root.  A  small  finite  particle  of 
the  size  fj  is  introduced  at  the  notch  root.  The  particle  is  small  enoiogh 
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to  justify  the  assumption  of  constant  stresses  at  its  bounding  surfaces. 

The  new  stresses  are  obtained  by  forming  the  average  value  of  the  "old" 
stresses  on  the  bounding  surfaces  of  the  particle.  This  particle  has 
often  erroneously  been  referred  to  as  the  "plastic  particle"  an  inference 
which  has  to  be  rejected  because  it  merely  is  used  as  a  means  to  intro¬ 
duce  a  discontinuum  mechanics  correction  to  a  continuum  mechanics  approach. 
It  has  nothing  to  do  with  a  plastic  zone.  The  result  of  this  calculation 
is  that  the  stress  concentration  factor  is  now  not  only  a  function  of  the 
notch  geometry  (r  and  c)  but  also  of  ti  which  is  assumed  to  be  a  material 
constant.  For  sharp  elliptical  cracks  of  length  2c  at  the  center  of  a 
plate  the  stress  concentration  factor  is  now  given  by 

K  =  1  +  2 

"^1 

where  the  corrected  root  radius  r-j^  is  now  a  function  of  the  true  root 
radius  r  and  of  T)  .  For  a  notch  angle  of  0  degree,  r^^  is  given  by 


rj^  =  r  +  2T1 


and  K  by 


K  =  1  +  2  /c/  (r  +  2  ) 


Increasing  the  notch  angle  to  6o  degrees  has,  for  all  technical  purposes, 
a  vanishingly  small  effect. 

The  above  introduced  Neuber-Lame-Navier  fracture  concept  can 
now  be  applied  to  pointed  notches.  Replacing  K  by  i^eglecting 

the  term  Jr  +  2r\  as  small  compared  to  the  term  2/c  and  rearranging 
the  equation  yields,  for  the  notch  strength  at  fracture, 

or„  ^  ^nax/T~T~2 

”  — 57? - 


which  has  the  same  functional  dependence  on  c,  i.e.,  as  the  Griffith 
concept.  This  concept  is  graphically  illustrated  in  Fig.  9  which  gives 
several  o'  curves  as  a  function  of  ti  .  The  major  differences  be¬ 

tween  the  two  fracture  concepts  are  a)  the  above  concept  is  derived 
directly  from  maximum  stress  considerations  without  any  energy  balance 
principles  and  b)  while  the  Griffith  concept  is  a  one-parameter  concept 
(the  parameter  being  the  surface  tension)  the  above  is  a  two-parameter 
concept  (the  parameters  being  and  p  ).  One  decisive  advantage  of 
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the  above  concept  is  the  fact  that  it  applies  not  only  to  sharp  notches 
but  to  mild  notches  as  well.  Experimental  evidence  as  to  the  applicabi¬ 
lity  of  this  concept  will  also  be  given  by  Mr.  Sessler  in  his  presentation 
during  this  session. 

In  order  to  account  for  the  effects  of  plasticity  on  the  basis  of 
the  stress  concentration  factor  concept  a  mathematical  analysis  would  have 
to  make  use  of  the  non-linearity  of  the  stress-strain  curves  for  metals. 

This  approach  is  now  being  taken  up  by  Prof.  Neuber  in  Germany  also  under 
contract  with  the  WADD,  (32).  Such  an  analysis,  although  too  complicated 
to  be  treated  within  the  framework  of  the  present  conference,  can  ultimately 
be  expected  to  yield  most  of  the  basic  information  required  to  adequately 
describe  the  fracture  process  of  any  material  for  which  the  stress-strain  curve 
is  known. 


In  the  meantime  "plasticity  corrections"  have  to  be  utilized  to 
account  for  the  experimentally  observed  phenomena.  Such  a  correction 
adapted  to  the  stress  concentration  factor  concept  has  been  suggested  by 
Stowell  (33)  and  was  followed  up  by  Hardrath  (3^)*  It  related  the  observed 
stress  concentration  factor  Kp  to  the  elastic  stress  concentration  factor 
Kg  by  means  of  the  ratio  of  the  secent  moduli  at  the  notch  root  and  at  a 
large  distance  from  the  notch  root,  Egn/Eg*  according  to  the  equation 

Kp  =  1  +  (K^  -  1)  ^ 


Using  values  obtainable  from  the  stress-strain  curve,  the  notch 
strength  C  ^^jj/Kp  can  be  similarly  expressed  as  follows: 


where  Sp  is  the  (true)  fracture  strain  or  ductility  of  a  smooth  specimen, 
e  e  is  the  elastic  strain  at  the  (true)  failure  stress,  or  6  g  =  ^  max' 

and  “  ®e  equation  contains  only  quantities  obtainaWe 

from  a  smooth  test  although  the  stress  state  must  be  considered  for  the 
failure  strain.  Lt  is  identical  to  Hardrath’s  and  Ohman's  equation  if  the 
yield  strength  of  the  metal  is  high  and  Eg«  =  E.  The  notch  strengthening 
due  to  plastic  constraint  is  not  considered.  The  above  equation  can  be  inter¬ 
preted  to  mean  that  the  stress  concentration  factor  for  a  material  showing 
plasticity  is  made  up  of  two  parts:  the  percentage  of  "elasticity"  of  the 
material,  expressed  by  the  ratio  Eg/  =  e  times  the  elastic  stress  con¬ 
centration  factor,  plus  the  percentage  of  plasticity  of  the  material,  ex¬ 
pressed  by  the  ratio  E  /  ^  times  the  plastic  stress  concentration  factor  1. 


Fig.  10  shows  a  family  of  l/Kp  vs.  curves  for  several  e  ratios.  The 
curves  were  calculated  on  the  basis  of  the  shallow  notch  equations  for 
Ke  assuming  an  equivalent  particle  sizeTl  =  0.0017  in.  A  similarity  be¬ 
tween  the  theoretical  and  experimentally  observed  data  represented  in 
the  same  fashion,  i.e.  notch  strength  ratio  vs.  K,  is  observed.  The 
general  effect  of  increasing  plasticity  is  to  displace  the  theoretical 
curve  l/Kg  vs.  right  and  to  decrease  its  slope.  It  can  also 

be  observed,  that  moderate  amounts  of  plasticity,  up  to  e  =0.5  have 
only  little  effect  on  the  general  shape  of  the  theoretical  curve. 

In  order  to  arrive  at  more  fundamental  knowledge  concerning 
the  deformation  at  and  near  the  notch  root  more  elaborate  plasticity 
treatments  have  been  made  in  Russia  (35;  36).  The  use  of  double  notched 
specimens  is  also  practiced  in  the  USSR  (37)'  such  specimens  frac¬ 
ture  only  occurs  between  one  pair  of  notches  leaving  the  remaining  portion 
of  the  specimen  containing  an  identical  notch  for  analysis  of  the  strain 
state  just  prior  to  fracture.  Tests  on  such  specimens  are  now  also  being 
conducted  at  Syracuse  University  (38)  in  order  to  study  the  deformation 
characteristics  of  various  materials  and  notch  geometries. 

Thus  the  Neuber  stress  concentration  concept  of  fracture  can 
account  for  most  of  the  pertinent  features  of  fracture  in  the  presence 
of  notches  and  cracks.  With  consideration  of  the  effect  of  the  stress 
gradient  it  will  no  doubt  become  possible,  to  account  for  the  observed 
width  and  size  effects  as  well. 


GRIFFITH  NEUBER  CC»<PARIS0N 


The  two  approaches  discussed  can  be  compared  on  the  basis  of 
relative  agreement  or  disagreement  with  experimental  data  and  also  on 
the  basis  of  the  interrelationships  of  the  parameters  involved. 

Experimental  agreement  is  obtained  for  both  concepts  when  the 
discontinuities  are  sharp  cracks  as  long  as  c  r.  The  Griff ith-Irwin 
Fracture  Mechanics  is  not  intended  for  mild  notches  but  it  also  breaks 
down  for  metals  as  soon  as  the  crack  length  becomes  small  enough,  for 
which  case  it  predicts  far  too  high  strength  values.  Fig.  11a.  Better 
agreement  is  obtained  with  the  help  of  Irwin's  plasticity  correction 
(l8)  which  introduces  yield  strength  of  the  material  as  an  additional 
parameter  and  is  expressed  by  the  equation 
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where  c!  is  the  yield  strength  of  the  material.  Unfortunately  this  correct¬ 
ion  extrapolates  to  a  =/~2A^for  c-*>o  for  the  infinite  sheet  case.  The 
results  of  this  correction  are  also  shown  in  Fig.  11a.  Wundt  (39)  has  arrived 
at  similar  curves  for  cylindrical  notched  bars  by  using  experimental  data  which 
indicate  notch  strengthening  in  the  ductile  range. 

The  proposed  Neuber  brittle  fracture  concept  is  in  agreement  with 
experimental  data  even  for  very  shallow  notches  as  can  be  seen  in  Fig.  11b, 
where  the  relationship  cJy/S~  is  examined  for  the  Neuber  concept. 

For  simplicity  the  interrelationship  of  the  strength  parameters,  is 
examined  for  the  infinite  plate  case  originally  treated  by  Griffith,  i.e.  an  ' 

elliptical  crack  of  length  2c  in  an  infinite  plate.  The  stress  for  onset  of 
brittle  fracture  according  to  Griffith  is  given  by 

(j  ^  2  E  (T  +  p)  ^  ^  K  _  y 

TT  C  7t  /tT  C 


where  the  symbols  are  the  same  as  used  above  except  that  K  is  the  Westergaard 
stress  intensity  factor  which  equals  /E  and  is  K/'/tT  .  According  to 
Neuber 's  brittle  fracture  concept  the  stress  at  fracture  is  given  by 


gmax 

2/c  ^ 


(r  +  2ti 


^  4c 


A  relationship  between  the  constants  and  the  parameters  of  both  concepts  is 
obtained  by  equating  the  two  fracture  conditions  and  results  in 
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It  can  be  seen  that  the  corrected  surface  tension  of  the  Griffith  concept 
(T  +  P),  or  the  critical  energy  release  rate  of  Irwin,  etc.,  have  their 
analog  in  the  term  (r  +  2  q  )  of  the  Neuber  concept.  If  it  is  assumed  that 
the  "equivalent  particle  size"  is  a  material  constant  then  the  material 
constant  of  the  Griffith  approach  becomes  a  function  of  r  of  the  type 


(T  +  P)  =  A  •  r  +  B 

which  only  assumes  a  constant  value  when  r  vanishes. 

It  was  mentioned  that  in  contrast  to  the  one  parameter  Griffith 
approach  the  Neuber  approach  is  a  two-parameter  concept.  This  is  only  true 
in  the  strict  iqathematical  sense.  If  looked  at  with  a  Griffith  viewpoint, 
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the  Neuter  approach  is  a  three -parameter  concept,  the  root  radius  being 
the  third  parameter,  which  is  Just  another  way  of  saying  that  (T  +  P) 
becomes  a  function  of  r  and  that  the  fundamental  relationship  Cf/c  = 
constant  holds  not  only  for  extremely  sharp  notches  but  also  for  notches 
having  moderate  root  radii,  provided  that  r  is  kept  constant  and 
(r  +  2  T]  }  ^c. 

The  equivalence  of  the  two  concepts. for  the  condibion  of 
vanishingly  small  root  radii  and  the  experimental  agreement  obtained 
for  the  Neuber  concept  for  both  mild  and  sharp  notches  Justify  the  hope 
that  it  is  possible  to  develops  a  unified  macroscopic  fracture  concept 
for  the  entire  range  of  brittle  fracture  i.e.  not  only  for  cracks  but  al¬ 
so  for  milder  notches.  This  unified  qoncept  will  probably  not  be  the 
Neuber  concept  in  its  presented  form.  It  will  have  to  include  the  effect 
of  stress  gradient,  perhaps  to  the  extent  that  becomes  a  function 

of  the  stress  gradient,  in  order  to  account  for  the  observed  size  effect. 


CRACK  PROPAGATION 


The  above  treatment  concerned  fracture  initiation.  However, 
the  theoretical  means  used  pertain  to  crack  propagation  i.e.  the  growth 
of  a  crack  through  its  velocity  transition  point.  A  proper  treatment 
of  crack  initiation  belongs  in  the  field  of  the  micromechanism  of  frac¬ 
ture  which  goes  beyond  the  scope  of  this  session.  It  is,  however.  Just¬ 
ifiable  to  treat  fracture  initiation  with  a  crack  propagation  concept 
because  the  energies  involved  in  bringing  the  crack  towards  its  critical 
size  are,  in  real  materials,  plastic  flow  contributions  which  are  in  all 
likelyhood  related  to  the  material  only.  A  totally  elastic  solid  would 
only  fracture  under  the  cohesive  strength.  Cracks  present  in  such  solids 
would  not  propagate  (at  absolute  zero}  until  the  stress  at  the  tip  of  the 
crack  equals  the  cohesive  strength,  or  until  the  Griffith  condition  is 
fulfilled  (for  which  the  true  surface  tension  T  has  to  be  used}. 


In  macromechanic  terras,  the  question  of  crack  propagation  re¬ 
lates  to  the  velocity  of  a  spreading  crack  before  and  after  the  occurrence 
of  instability.  For  an  ideally  elastic  solid,  not  much  can  be  said  about 
the  crack  extension  prior  to  the  velocity  transition  point  except  that 
thermal  energy  fluctuations  might  be  sufficient  to  cause  some  slight  ex¬ 
tension  of  the  crack.  These  have  been  calculated  and  are  found  to  con¬ 
tribute  little  for  ordinary  temperatures  of  interest.  In  order  to  obtain 
an  estimate  of  the  crack  velocity  after  the  transition  to  fast  fracture 
assumptions  concerning  the  kinetic  energy  have  to  be  made.  With  the 
help  of  such  assumptions  Mott  (40}  calculated  the  velocity  of  a  Griffith 
crack  as 
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where  t,  is  the  density  of  the  material  and  k  a  dimensionless  constant. 

For  metals  the  plastic  work  factor  P  may  be  introduced  rigorously  by 
simply  a(3ding  it  to  the  surface  tension  T.  Bius,  for  metals,  once  a  fast 
crack  has  started  it  can  only  come  to  a  stop  if  a  sudden  increase  in  P 
occurs.  This  has  been  verified  by  Tipper  (^1)  who  intitiated  a  sudden 
fracture  in  a  brittle  area  and  had  it  propagate  into  a  ductile  area. 

The  crack  stopped  in  the  ductile  area  with  considerable  plastic  deform¬ 
ation  and  generation  bf  heat.  Similar  experiments  were  made  by  Bobert- 
Gon  (4/2)  in  order  to  study  crack  propagation  transition  temperature.  As 
V  approaches  the  velocity  of  sound,  Mott's  analysis  (static  elasticity) 
breaks  dowri.  Yoffe  (43)  has  shown  that  at  high  velocities  (l/2  the  veloc¬ 
ity  of  elastic  shear  waves )  a  shock  wave  builds  up  in  front  of  the  running 
crack  causing  a  nearly  equal  stress  distribution  over  a  wide  arc  in  front 
of  the  running  crack.  This  causes  the  crack  to  branch,  a  phenomenon  fre¬ 
quently  observed  (44).  Studies  have  also  shown  that  P  decreases  with  in¬ 
creasing  crack  velocity  (5)-  Wells  and  Post  (45)  have  shown  with  the  help 
of  photoelasticity  that  little  change  is  observed  in  the  stress  system  a- 
head  of  a  running  crack  as  compared  to  a  static  crack.  Frankland  (46)  in 
his  calculations  however,  points  out  that  the  degrees  of  biaxiality  in¬ 
creases  with  crack  velocity  which  in  turn  increases  the  plastic  constraint 
ahead  of  the  crack  and  thus  Increases  the  stress  required  for  the  occurrence 
of  yielding.  Later  in  this  session  Mr.  Bluhm  will  present  new  and  interest¬ 
ing  experimental  results  concerning  crack  propagation  and  the  effect  of  a 
changing  stress  state  on  such  propagation. 

Recently,  Newhouse  and  Wundt  (47)  have  devised  a  test  which  i.s 
intended  to  reveal  a  material's  susceptibility  to  crack  propagation  only. 

In  their  proposed  test  easy  fast-crack  initiation  is  facilitated  by  nitrid- 
Ing  the  notched  section  of  a  Charpy-type  impact  test  bar  or  a  notched  ten¬ 
sile  test  bar.  The  energy  absorption  of  such  tests  is  then  largely  due  to 
the  energy  consumed  for  crack  propagation. 

So  much  for  crack  propagation  once  the  velocity  transition  has 
occurred.  While  little  can  be  said  for  an  elastic  solid  about  the  pro¬ 
pagation  of  an  existing  crack  prior  to  the  velocity  transition,  it  is 
known  that  slow  propagation  always  precedes  sudden  fracture  in  technical 
materials.  This  is  due  to  the  ductility  of  such  materials.  The  energy 
available  to  cause  plastic  flow  and  the  creation  of  cavity  dislocation, 
i.e.  the  development  of  cracks,  is  proportional  to  the  elastic  strain 
energy  release  due  to  the  presence  of  a  crack.  This  energy  release  5'  , 
a  function  of  the  applied  stress  and  the  crack  geometry,  can  also  be  inter¬ 
preted  as  causing  the  force  which  tends  to  spread  the  crack.  It  may  there¬ 
fore  be  assumed  that  constant  rate  of  slow  propagation  of  a  crack  is  ob¬ 
tained  if  or  K  is  held  constant  by  continuously  decreasing  the  applied 
stress  by  amounts  proportional  to  the  square  root  of  c.  The  value  of-' 
selected  for  such  experiments  must  be  less  than  the  critical  strain  energy 
release  rate  which  defines  the  onset  of  sudden  crack  propagation. 
Professors  Oorten  and  Carpenter  are  presently  investigating  the  validity 
of  such  assumptions  for  the  slow  growth  of  fatigue  cracks.  The  results 
of  these  studies  will  be  presented  here  by  Dr.  Corten. 


IV- U 


It  is  hoped  that  the  review  presented  covered  the  major  fields 
of  interest  to  this  group  in  a  critical  and  unbiased  fashion.  Much  of 
the  experimental  evidence  in  support  or  disproof  of  the  concepts  present¬ 
ed  had  to  be  deleted  in  order  to  keep  within  the  time  limits  allotted. 

If  some  of  the  well  known  and  widely  discussed  aspects  of  Dr.  Irwin's 
contributions  were  treated  only  briefly  it  is  because  the  author  feels 
that  the  lesser  known  European  work  is  badly  in  need  of  discussion. 

Finally,  it  appears  that  the  long  and  hard  efforts  by  distin¬ 
guished  research  workers  in  this  area  are  bearing  fruit  and  that  much 
progress  has  been  made  towards  the  goal  of  establishing  design  criteria 
for  optimum  utilization  of  presently  existing  materials. 

This  paper  was  prepared  with  the  help  of  Dr.  George  Sachs  and 
Mr.  J.  G.  Sessler  to  whom  the  author  is  deeply  indebted.  Some  of  the 
experimental  and  theoretical  work  referred  to  was  conducted  at  Syracuse 
University  under  the  sponsorship  of  the  following  government  agencies: 

U.  S.  Navy  Bureau  of  Veapons,  Atomic  Energy  Commission  and  Wright  Air 
Development  Division. 
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FIG.  2  TRUE  STRESS-STRAIN  CURVES 


FIG.  3  DISLOCATIONS  AND  CRACKS  (a)  ELASTIC  CRACK  REGARDED 

AS  PILE-UP  OF  EDGE  DISLOCATIONS  (b)  CRACK  FORMED  FROM 
PILE-UP  AGAINST  A  BOUNDARY  (c)  CRACK  RESULTING  FROM 
SHEAR  ON  TWO  BANDS  (d }  CRACK  FORMED  AT  A  TILE  BOUNDARY 
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FIG.  5  CRACK  GEOMETRY  AND  STRESS  DISTRIBUTION  ACCORDING 
TO  WESTERGAARD 
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.  6  EFFECT  OF  SPECIMEN  WIDTH  ON  THE  NOTCH  STRENGTH 
OF  A  BRITTLE  TITANIUM  ALLOY 


w/h 


FIG. 7  EFFECT  OF  WIDTH  TO  THICKNESS  RATIO 
ON  THE  BIAXEALITY  OF  BEND  SPECIMENS 
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FIG.  8  ANALOGY  BETWEEN  THE  STRESS  STATES  IN  SMOOTH  BEND  AND 
NOTCH  TENSILE  SPECIMENS  TO  ESTIMATE  SIEESS  BIAXIALITY 
AT  CENTER  OF  NOTCH  ROOT 
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FIG.  9  EFFECT  OF  THE  EQUIVALENT  PARTICLE  SIZE  n  ON  THE 
" '  NSR  VS.  K  CURVE  OF  A  HIITTIE  HATERIAL  -fCALCUIATEDl 
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BEHAVIOR  OF  A  BRITTLE  METAL 

John  G.  Sessler 
Syracuse  University 


Analyses  of  the  behavior  of  solids  based  on  the  theory  of 
elasticity  assvmie  the  existence  of  an  "idealized  material"  which  is 
presiamed  to  be  isotropic,  homogeneous  and  perfectly  elastic.  It  is 
known,  however,  that  the  engineering  metal  alloys  presently  available 
for  structural  use  are  not  idealized  materials.  They  seldom  exhibit 
complete  Isotropy  and  even  the  strongest  alloys  are  far  from  being 
perfectly  elastic  at  room  temperature. 

In  the  presence  of  stress  concentrations,  even  a  small  amount 
of  plastic  flow  prior  to  failure  may  cause  a  considerable  readjustment  of 
the  initial  elastic  stress  distribution  and  thereby  influence  the  fracture 
strength.  Therefore,  the  application  of  concepts  based  on  the  theory  of 
elasticity  to  predict  the  failure  strength  of  these  alloys  must  necessarily 
be  subject  to  modifications  or  plasticity  correction  factors. 

To  date,  there  is  little’ evidence  available  on  how  closely  a 
metal  may  approach  a  perfectly  elastic  and  fully  brittle  state  under 
certain  conditions.  This  state  is  somewhat  difficult  to  determine, 
since  brittleness  depends  not  only  on  the  ’basic  properties  of  the  material 
but  also  on  other  factors  such  as  tUfe  state  of  stress  or  strain,  stress 
gradient,  section  size,  strain-rate,  temperature,  and  possibly  on  other 
factors  as  yet  unrecognized.  High  strength  steel  sheet  alloys  appear  to 
approach  an  extremely  brittle  state,  at  very  low  temperatures  if  their 
ultimate  tensile  strengths  exceed  about  300,000  psi,  and  possibly  also 
at  room  temperature  if  untempered  or  high  in  carbon.  Refractory  metals 
and  cermets  are  also  known  to  be  brittle  under  most  conditions.  The 
behavior  of  such  materials,  particvilarly  in  the  presence  of  stress  con¬ 
centrations,  is  of  considerable  interest  to  both  metallurgists  and 
engineers . 


In  this  paper,  experimental  notch  strength  data  acquired  for 
materials  differing  widely  in  ductility  will  be  presented  and  analyzed 
according  to  some  of  the  theoretical  concepts  discussed  by  Dr.  Weiss. 

Recently,  at  Syracuse  University,  some  of  the  heat  treatable 
titanium  sheet  alloys  were  found  to  be  extremely  sensitive  to  the  strength- 
reducing  effects  of  stress  concentrations  when  tested  in  critically  aged 
conditions.  The  most  sensitive  alloy  investigated  was  Ti“2.5Al-l6v, 
aged  at  7OOF  for  8  hrs.*  It  was  decided  to  further  explore  the  behavior 


*  Normally  this  alloy  is  used  in  an  overaged  condition  obtained  ’by 
aging  at  990F  for  4  hrs. 
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of  this  alloy  for  various  stress  concentrations  to  detennine  how  closely 
it  would  conform  to  the  maximum  principal  stress  theory  combined  with 
Neuber's  theory  of  finite  stress  concentrations  (l). 

Four  series  of  tensile  tests  were  conducted  on  1  in  wide 
sheet  specimens  aged  at  70OF  for  either  4  or  8  hrs.  Three  series  were 
performed  on  O.O63  in  sheet  and  the  fourth  series  on  0.125  in  sheet. 
Stress  concentrations  were  introduced  by  means  of  two  symmetrical  edge- 
notches  with  60  degree  flank  angles,  constant  notch  depths  of  30  per¬ 
cent,  and  various  root  radii  from  0.001  to  0.070  in.  A  few  smooth 
specimens  and  very  mild  notched  specimens  were  also  tested.  The  ge¬ 
ometries  employed  resulted  in  theoretical  elastic  stress  concentration 
factors  (Kt )  from  unity  to  about  17,  according  to  Neuber ' s  equations 
for  arbitrary  notches  (l)  (2). 


Neuber's  Concepts 

If  the  maximum  principal  stress  theory  is  assiUDed  to  be 
valid,  the  strength  values  for  elastic  materials  should  conform  to  the 
following  relationship 

Kt 

where  (Jjj  =  average  stress  at  failure  or  "notch  strength" 

=  a  constant,  equivalent  to  the  strength  of  a  smooth  specimen 

Kt  =  Neuber's  elastic  stress  concentration  factor  for  eua 
arbitrary  notch,  as  given  by  Peterson  (2), 


The  conformance  of  the  test  data  to  Equation  [l]  is  best 
illustrated  in  a  log-log  representation  of  notch  strength  (Cji)  versus 
Kt,  where  the  equation  is  represented  by  k5  degree  parallel  straight 
lines.  Fig.  1  presents  the  test  data  for  the  four  presumably  brittle 
alloy  conditions,  differing  slightly  in  chemistry  and  heat  treatment. 
Three  of  these  conditions  (H^ats  A  and  C,  aged  8  hrs  £uid  Heat  B,  aged 
k  hrs)  appear  to  conform  to  Equation  [l]  for  the  range  of  stress  con¬ 
centration  values  from  unity  to  about  8. 

At  Kt  values  greater  than  8,  the  notch  strength  remains 
substantially  constant.  A  possible  explanation  for  this  deviation 
from  a  straight  line  at  high  Kt  factors*  is  the  concept  proposed  by 
Neuber  (3)  for  "pointed  notches",  which  was  previously  discussed  by 
br.  Weiss.  Neuber  has  recognized  the  inability  of  metals  to  retain 


extremely  high  stress  concentrations  and  has  suggested  the  addition 
of  a  material  constant  T)  to  the  radius,  r,  to  account  for  the  re¬ 
duction  in  K.  '  Values  of  between  0.001  and  0,002  in'  were  found  to 
correct  the  data  reasonably  well  for  the  entire  range  of  K  factors. 

Since  the  data  for  mild  and  Intermediate  notches  seem 
to  conform  to  Equation  [l],  it  is  believed  that  these  alloys  approach 
the  behavior  of  an  elastic  solid  more  closely  than  any  metal  in¬ 
vestigated  to  date. 

The  test  data  for  one  of  the  four  alloy  conditions  in¬ 
vestigated  (Heat  A,  aged  4  hrs)  also  deviates  from  Equation  [l]  in  the 
range  of  mild  and  intermediate  notches,  and  exhibits  higher  notch 
strength  values.  A  tentative  explanation  for  these  variations  is  that 
relatively  small  changes  in  aging  temperature  or  time  appear  to  result 
in  a  material  that  is  underaged,  with  a  corresponding  Increase  in 
ductility. 


Engineering  structural  alloys  are  considerably  more  ductile 
at  room  temperature  than  the  alloys  represented  in  Fig.  1,  and  their 
notch  strength  is  substantially  higher.  This  is  illustrated  in  Fig.  2a 
for  several  titaniiam  sheet  alloys*.  The  N.S.R.**  versus  K  curves  for 
these  alloys  form  a  rather  uniform  family  of  curves  which  aids  in 
simplifying  the  analyses. 

To  explain  the  notch  strength  behavior  of  relatively 
ductile  materials,  first  a  correction  should  be  applied  for  ductility. 
Second,  it  must  be  recognized  that  the  uniaxial  stress  state  in  a 
smooth  tensile  test  is  replaced  by  biaxiality  and  trlaxlallty  in  the 
notched  section.  These  factors  must  be  combined  with  the  previously 
discussed  "pointed  notch"  correction. 

A  plasticity  correction  is  obtained  theoretically  by  re¬ 
placing  the  elastic  stress  concentration  by  a  smaller  value,  the  dif¬ 
ference  in  the  two  values  dependj.ng  on  the  ratio  of  elastic  deformation 
to  total  deformation.  A  family  of  theoretical  plasticity  correction 
curves  for  a  given  value  of  q  are  shown  in  Fig.  2b. 


♦  Heat  treated  titanium  sheet  was  chosen  for  this  representation  for 
it  has  been  shown  that  they  do  not  normally  exhibit  the  sharp  tran¬ 
sition  with  temperature  observed  for  many  high  strength  steels.  At 
temperatures  close  to  the  transition,  the  effects  of  strain-rate  and 
biaxiality  are  greatly  magnified  and  these  tend  to  further  complicate 
the  overall  shape  of  the  cTjj  versus  K  curves. 

**  Ratio  of  notch  strength  to  ultimate  tensile  strength  or  "notch- 
strength-ratio  " . 
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A  comparison  of  Fig.  2a  with  2b  still  indicates  considerable 
differences  at  low  and  intermediate  K  factors.  To  explain  these,  the 
effects  of  the  shift  from  unleixlal  to .  nniltlaxlal  stress  states  with  in¬ 
creasing  K  factors  should  be  analyzed.  . 


Griffith's  Concept 

According  to  the  concept  proposed  by  Griffith  in  1920  (V), 
the  condition  for  spontaneous  crack  extension  is  given  by  the  relation¬ 
ship 


(J  =  I  2Er 
i  K  c 


[2] 


where  a  =  applied  average  stress  at  a  distance  from  the  crack 
c  =  one-half  the  initial  crack  length 
T  =  surface  tension  per  unit  area 
E  =  Young's  modvilus 

This  concept  was  also  discussed  previously  by  Dr.  Weiss. 

Equation  [2]  suggests  that  the  fracture  stress  of  a  speci¬ 
men  containing  a  crack  length  2c  is  Inversely  proportional  to  the  square 
root  of  c,  provided  that  the  crack  length  is  small  when  compared  to  the 
specimen  width. 

Two  series  of  tests  were  performed  to  determine  if  the  brit¬ 
tle  titanium  sheet  alloys  (Heat  A,  aged  for  4  hrs  and  8  hrs,  respectively) 
would  conform  to  Equation  [2].  The  specimens  employed  for  these  series 
were  1  inch  in  width  and  contained  different  initial  crack  lengths  from 
0.00^  to  0.3^0  inch.  Cracks  were  simulated  by  edge-notches  with  0.001 
in.  root  radii. 

The  test  results  are  presented  in  Fig.  3  aa  cr  versus 
The  data  for  both  aged  conditions  fall  on  a  straight  line  as  predicted  by 
Equation  [2],  except  for  crack  lengths  exceeding  one  half  the  specimen 
width. 


Based  on  the  limited  data  obtained  in  these  studies,  the  be¬ 
havior  of  the  sheet  alloy,  Tl-2.5Al-l6V  (aged  at  TOOF  for  8  hrs),  appears 
to  be  in  general  conformance  with  the  concepts  for  elastic  materials  as 
proposed  by  Neuber  and  Griffith.  Neuber's  concepts  may  be  applied  to  the 
entire  range  of  stress  concentration  factors. 


It  is  recognized  that  the  behavior  of  materials,  in  the 
presence  of  stress  concentrations,  is  also  influenced  by  many  factors 
such  as  stress  gradient,  section  size,  section  thickness,  strain-rate, 
temperature,  and  other  factors  not  considered  in  these  investigations. 
Close  agreement  between  theoretical  concepts  and  experimental  data  for 
all  alloys  caimot  be  expected  until  the  effects  of  all  these  pertinent 
parameters  are  well  established. 
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FRACTURE  APPEARANCE  OF  HIGH  STRENGTH  STEELS  , 

AND  OTHER  ALLOYS 

J.  E.  Srawley 

U.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C. 

Study  of  fractured  surfaces  Is  undoubtedly  a  Very  ancient 
method  for  Judging  the  quality  of  matlirlals  and  for  attempting 
to  assess  the  extent  to  which  material  factors  Contributed  to 
structural  fallulres.  Rational  Interpretation  of  fracture  fea¬ 
tures  has  advanced  considerably  during  the  present  century, 
but  we  are  still  far  from  being  able  to  derive  the  maximum 
of  useful  Information  from  them.  We  shall  be  mainly  con¬ 
cerned  here  with  one  particular  macroscopic  characteristic 
which  Is  known  to  be  related  to  fracture  toughness. 

Fracture  appearance  has  been  found  to  be  particularly 
useful  as  an  Indicator  of  the  temp^eratute  ra^ge.  oye^ 
the  susceptibility  to  brittle  fractute  changias  ma;!^^ 
certain  Important  engineering  materlSls,  hotabiy  mii4 
Pronounced  temperature  sensitivity  occurs  In  -some  high 
strength  sheet  and  thin  plate  materials  and  the  reiationship 
between  fracture  appearance  and  resistance  to  fracturing  (In 
terms  of  load-bearing  capability),  as  these  vary. with  t^ 
ture  for  a  given  material.  Is  a  matter  of  cbnaiid^sbie  inter¬ 
est  and  potential  usefulness. 

Full  scale  high  strength  sheet  structures  ar.e  rarely 
tested  to  destruction  deliberately,  and  most  of  the  ayaiilabi.e 
systematic  information  on  fracture  appearance  reia tee  to 
small  laboratory  speclmons.  Failures  by  fractureVuni^er  lo^ 
insufficient  to  cause  noticeable  deformation  .occur:  heda use  o 
the  occurrence  or  development  of:  stress  Intensify'^ttg.  fiaWS; 

In  pr<tar  to  produce  fractures  resembllug  those  Observed  In 
preesure  vessels  or  other  sheet  strucf.ures  that  failed  at 
low.levels  .of  nominal  stress,  it  is  necessary  to  use  Sharply 
notched  tohsile  specimens.  The  familiar  edge-notched  type, 
with  machined  notches  of  near  maximum  sharpiieSs>  IS  suitetfie 
and  widely,  used  (1,2,3),  However^  the  data  presented:  here 
w ere  obtained  with  an  a Iterna t Ive ,  centra  1  ly.-not chhd  type ; 
essentially  a  strip  with  a  narrow  transverse  slot,  symmetric 
about  the'  centerline.  To  ensure  Sharpness,  short  fatigue 
cracks  are  provided  at  each  end  of  the  slot  by  tenSlon.-tenslon 
repeated  loading.  The  Slot  and  cracks  together  are  regarded, 
as  the  :equivalent  of  a  single  transverse  crack  extending  from 
one  fatigue  crack  tip  to  the  others  The  most  efficient  ratio 
of  total  crack  length  to  specimen  width  for  measurement  of 


IV-43 


fracture  resistance  is  about  one  third.  This  type  of  speci¬ 
men  is  less  sensitive  than  the  edge-notched  type  to  uninten¬ 
tional  asymmetric  loading  during  testing,  as  has  been  demon¬ 
strated  with  photo-elastic  models  by  G.  R  Irwin.  However, 
this  need  not  be  a  serious  problem  when  using  edge-notched 
specimens  if  suitable  alignment  arrangements  are  made 

Another  type  of  specimen  that  is  used  is  provided  with  a 
transverse  surface  crack  in  place  of  the  slot  with  end  cracks. 
Hydrogen  embrittlement  or  stress  corrosion  conditions  are  em¬ 
ployed  in  forming  these  cracks,  which  have  roughly  semi- 
elliptical  boundaries  with  the  major  axis  at  the  specimen 
surface. 

Transverse  and  Oblique  Shear  Modes  of  Fracture 

Examination  of  fracture  surfaces  of  sharply  notched  sheet 
specimens  suggests  a  major  distinction  between  two  modes  of 
fracture:  transverse, and  oblique  shear.  These  terms  refer 
to  the  general  Inclination  of  the  surfaces  of  separation  to 
the  direction  of  the  maximum  nominal  tensile  stress  -  in  this 
case  the  direction  of  the  major  axis  of  the  specimen  -  not  to 
the  inclinations  of  individual  fracture  facets.  In  a  theore¬ 
tical  discussion  of  fracturing,  G.  R.  Irwin  has  shown  that 
three  modes  of  crack  extension  are  required  for  full  gener¬ 
ality,  which  he  terms  the  opening  mode  and  the  first  and 
second  sliding  modes  (4).  The  observed  transverse  mode  cor¬ 
responds  to  Irwin's  opening  mode,  while  the  oblique  shear 
mode  may  correspond  to  either  of  the  sliding  modes,  usually 
the  second.  None  of  these  terms  is  intended  to  imply  any 
particular  relationship  between  fracture  path  and  crystal 
structure,*  a  transverse  fracture  might  equally  well  be  trans- 
granular  cleavage,  or  intergranular,  or  a  mixture  of  the  two. 

Examples  of  transverse  and  oblique  shear  fractures  of 
center-cracked  specimens,  and  of  an  Intermediate  case  are 
shown  in  Fig.  1.  Each  fracture  propagated  from  the  fatigue 
crack  at  the  right  to  the  edge  of  the  specimen  at  the  left. 
There  is  a  similar  fracture  on  the  other  side  of  each  speci¬ 
men  which  is  not  shown  in  the  photographs.  One  feature  of 
the  transverse  fracture  at  the  bottom  which  is  not  very  clear 
in  the  illustration  is  the  characteristic  chevron  markings, 
pointing  back  to  the  origin,  which  are  quite  plain  when  the 
specimen  is  viewed  directly.  In  examining  service  failures 
these  are  used  to  track  down  the  origin  of  the  fracture. 

There  is  an  alternative  type  of  oblique  shear  fracture  to  the 
one  shown  in  the  top  photograph,  which  is  quite  common  in 
specimens  of  this  type.  Instead  of  a  single  inclined  surface, 
there  may  be  two  surfaces  Inclined  in  opposite  directions  and 
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intersecting  along  the  centerline  to  form  a  trough  or  a  ridge. 
In  sorae  specimens  the  fracture  is  of  one  type  on  one  side  and 
the  other  type  on  the  other  side.  Long  runs  of  shear  fracture, 
as  in  thin-walled  pressure  vessel  failures,  usually  consist 
of  consecutive  segments  of  the  single  surface  type,  the  sur¬ 
faces  being  inclined  in  opposite  directions  in  adjacent  seg¬ 
ments. 

A  full  shear  fracture  does  not  develop  immediately  from 
a  transverse  fracture  origin,  there  is  a  transition  zone  in 
which  the  transverse  fracture  occupies  a  diminishing  propor¬ 
tion  of  the  thickness  of  the  Specimen  -  the  triangular  region 
at  the  right  in  the  example  in  Fig.  1.  During  the  course 
of  testing  a  specimen,  when  the  crack  first  starts  to  extehd 
from  the  original  fatigue  crack  front,  the  constraint  is  high 
and  the  ratio  of  shear  stress  to  normal  stress  consequently 
low  at  positions  close  to  the  crack  front,  except  in  the 
Immediate  vicinity  of  the  specimen  surfaces.  This  favors  the 
transverse  mode  of  fracturing  within  the  specimen  but  not  at 
the  surfaces,  where  plastic  deformation  occurs  and  relieves 
the  constraint.  The  advancing  crack  front  therefore  assumes 
the  well-known  parabolic  shape.  With  increasing  load,  the 
depth  at  which  the  shear  stress  is  high  enough  to  cause 
plastic  deformation  and  reduce  the  constraint  also  increases, 
so  that  the  advancing  transverse  crack  front  is  progressively 
constricted.  If  the  properties  of  the  material  are  favor¬ 
able,  notably  if  the  yield  strength  is  low  enough  in  relation 
to  what  we  might  loosely  call  the  fracture  strength,  the 
constriction  will  continue  to  the  limit  and  the  transverse 
fracture  tongue  will  narrow  down  tb  a  point.  Shear  separa¬ 
tion  of  the  plastically  deformed  material  on  either  side  of 
the  transverse  fracture  tongue  appears  to  lag  behind.  It 
probably  occurs  along  narrow  oblique  ^ands  in  which  the 
plastic  deformation  is  highly  concentrated.  The  length  of 
the  initial  transverse  fracture  triangle  which  precedes  a 
full  shear  fracture  seems  to  be  'less  the  tougher  the  material, 
but  no  very  definite  relationship  has  yet  been  established. 

If  the  material  properties  are  not'  favorable  for  the 
eventual  development  of  a  full  shear  fracturer, ..  the  constric¬ 
tion  of  the  advancing  transverse  fracture  ceases  short  of 
the  limit.  This  mode  of  fracture  is  then  maintained  within 
a  central  band  of  quite  constant  width,  bounded  by  plastical¬ 
ly  deformed  zones  in  which  shear  separation  follows  slightly 
behind.  This  is  the  intermediate  case  in  Fig.  1.  The  fully 
transverse  fracture  is,  of  course,  simply  the  extreme  case 
where  the  shear  borders  are  negligible. 


A  convenient  quantitative  Index  of  fracture  appearance 
is  the  percentage  of  the  specimen  thickness  occupied  by  the 
shear  borders  -  the  percent  shear.  This  is  best  determined 
in  practice  by  measuring  the  average  width  of  the  transverse 
fracture  band,  subtracting  this  from  the  thickness,  and 
expressing  the  difference  as  a  percentage  of  the  specimen 
thickness.  Measurements  are  made  at  some  distance  from  the 
origin,  at  positions  where  the  shear  borders  are  uniform. 

This  requires  that  the  specimens  be  of  sufficient  width; 
generally  it  is  possible  to  make  satisfactory  measurements 
if  the  run  of  fracture  exceeds  5  times  the  thickness,  corres¬ 
ponding  to  a  minimum  width  to  thickness  ratio  of  about  16. 

I 

Temperature,  Thickness  and  Notch  Sharpness 

In  many  materials,  the  fracture  mode  changes  from  entire¬ 
ly  transverse  to  full  shear  over  a  range  of  temperature 
characteristic  of  the  material,  condition  and  thickness. 

This  is,  of  course,  a  consequence  of  the  temperature  depen¬ 
dence  of  the  si^lficant  properties  of  the  material  and 
reflects  a  change  in  the  balance  between  these  quantities. 
Figure  1  illustrates  the  variation  in  percent  shear  with 
temperature  for  a  low  alloy  steeLg  0.075"  thick,  quenched 
and  tempered  at:  1000°F  to.  have  a  ^yield  strength  at  room 
temperature  of  200  ksl.  The  abrupt  decrease  from  100  percent 
shear  to  about  half  that  value  over  a  very  narrow  range  of 
temperature  is  typical  of  steels  that  have  high  fracture 
toughness  at  temperatures  above  the  full  shear  temperature 
(the  lowest  temperature  at  which,  the  fracture  mode  would  be 
entirely  shear) . 

At  a  given  temperature  the  percent  shear  may  be  strongly 
dependent  on  the  thickness.  This  is  to  be  expected  on  the 
basis  of  the  previous  remarks  on  the  development  of  shear 
borders  since  the  proportion  of  the  thickness  of  the  speci¬ 
men  which  is  critically  constrained  will  be  greater  the 
greater  the  thickness,  other  things  being  equal.  An  example 
of  the  effect  of  thickness  is  shown  in  Fig.  2,  where  percent 
shear  is  plotted  against  testing  temperature  for  sheets  of 
four  different  thicknesses,  all  rolled  from  the  same  heat 
of  AMS  6434  steel.  It  is  clear/ that  if  a  closely  spaced 
series  of  thicknesses  were  tested  at  a  particular  temperature 
there  would  be  a  sharp  transition  with  increasing  thickness, 
analogous  to  the  transition  with  decreasing  temperature  for 
a  given  thickness.  For  materials  of  this  order  of  thickness, 
any  effect  due  to  the  greater  degree  of  hot  working  of  the 
thinner  sheets  can  probably  be  discounted,  the  important  fac¬ 
tor  is  the  geometrical  constraint. 
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Thickness  is  a  basic  factor  in  the  fracture,  of  sheet 
tfiaterials  and  resistance  to  fracturing  may  be  markedly  less 
in  a  thick  section  than  in  a  thin  one.  In  fact  it  is  not 
inconceivable  that  increasing  the  thickness  of  a  structural 
member  to  reduce  the  stress  under  given  loading  conditions 
might  result  in  enhancing  rather  than  reducing  the  risk  of 
fracture. 

The  requ^-rement  that  a  sufficiently  sharply  notched 
specimen  should  be  used  in  order  to  obtain  a  characteristic 
fracture  appearance  was  mentioned  earlier.  Both  the  percent 
shear  and,  more  markedly,  the  strength  of  the  specimen  are 
affected  by  notch  sharpness*  In  Fig.  3,  the  percent  shear 
as  a  function  of  temperature  is  compared  between  specimens 
which  had  central  transverse  slots  ending  in  drilled  holes 
of  0,02”  radius,  and  specimens  with  slots  ending  in  fatigue 
cracks.  The  third  set  of  data  points  in  this  Figure  Is  for 
specimens  having  transverse  surface  cracks  formed  by  stress 
corrosion  cracking,  these  results  being  in  between  those  for 
the  other  two  types  of  specimen.  The  influence  of  the  type 
of  stress-concentrator  on  the  percent  shear  at  a  given  tem¬ 
perature  is  quite  appreciable,  but  it  should  be  noted  that 
the  full  shear  temperature  is  not  appreciably  influenced 
within  the  scatter  of  results.  The  differences  between 
fracture  strengths  for  the  different  types  of  specimen  were 
much  more  pronounced  than  the  differences  between  percent 
shear  values,  and  it  is  considered  that  it  is  the  level  of 
nominal  stress  at  which  the  fracture  propagates  that  influ¬ 
ences  the  percent  shear  value  at  a  particular  temperature. 
Hence  the  relatively  small  stress  corrosion  cracks,  as  well 
as  the  blunt  slotes,  resulted  in  higher  percent  shear  values 
than  the  crack-alb iS.  In  another  group  of  tests,  comparing 
specimens  with  slots  of  and  radii  of  -about  O.OOS”  with  speci¬ 
mens  with  slots  in  xatigue  cricks,  there  were  no 

apparent  differences  in  percent  shear  and  the  differences 
in  specimen  strength  were  relatively  small.  In  general, 
specimens  having  notches  which  are  sufficiently  sharp  for 
satisfactory  fracture  toughness  or  fracture  strength  measure¬ 
ments  will  provide  consistent  values  of  percent  shear. 

The  fractures  of  ordinary  aheet  tensile  specimens 
generally  do  not  show  any  simple  correspondence  with  those 
of  sharply  notched  specimens  broken  at  the  same  temperatures. 
The  two  extremes  of  full  shear  fracture  and  transverse  frac¬ 
ture  do  occur  at  appropriate  temperatures,  but  no  method  has 
yet  been  devised  for  systematizing  the  various  intermediate 
types.  Necking  occurs  be!fore  fracture,  usually  obliquely  and 
frequently  at  more  than  one  position.  Fracture  may  follow 
the  neck  in  a  ragged  fashion,  or  may  initiate  as  a  transvers# 
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fracture  at  some  point  along  the  neck,  often  at  the  inter¬ 
section  of  two  necks,  and  then  be  completed  by  shear  tearing. 
It  is  possible  that  further  study  will  suggest  useful  inter¬ 
pretations  of  such  fractures;  however,  the  conditions  of 
fracture  of  a  sheet  tensile  specimen  are  quite  different  to 
those  prevailing  in  the  failure  of  a  sheet  structure  under 
a  stress  lower  than  the  yield  strength. 

Fracture  Appearance  and  Resistance  to  Fracturing 


The  correspondence  between  decrease  in  percent  shear  and 
decrease  in  resistance  to  fracturing  as  the  temperature  de¬ 
creases  is  most  clearly  shown  by  heat  treated  steels.  Two 
contrasting  examples  are  given  in  Fig.  4,  where  resistance 
to  fracturing  is  represented  by  the  nominal  net  fracture 
stress  of  1.5”  wide,  centrally-notched  specimens^  (I >  the 
maximum  load  sustained  in  the  test  divided  by  the  product 
of  the  thickness  and  the  difference  between  the  width  and 
the  initial  crack  length.  This  corresponds  to  the  "notch 
strength"  of  an  edge  notched  specimen.  It  is  a  useful  com¬ 
parative  measure  for  results  from  specimens  of  equal  dimen¬ 
sions,  but  is  obviously  dependent  upon  specimen  width  and 
crack  length.)  These  examplejs  are  both  low  alloy  steels, 
hardened  and  tempered  to  yield  strengths  of  193  ksl  for  XI, 
and  220  ksi  for  C2b/1,  at  room  temperature  (Table  1),  The 
tempering  temperature  for  C2b/1  was  selected  in  order  to 
provide  an  embrittled  condition,  and  resulted  In  a  full  shear 
temperature  of  about  300°F;  that  for  the  Xl/1  was  selected 
to  favor  .toughness  at  the  expense  of  some,  yield  strength, 
and  resulted  in  a  full  shear  temperature  of  -SO^F.  In  each 
case  the  net  fracture  stress  reaches  a  maximum  at  about  the 
full  shear  temperature,  but  the  net  fracture  stress  changes 
much  more  gradually  for  the  C2b/1  than  for  the  Xl/1.  In 
general,  the  net  fracture  stress  usually  reaches  a  maximum 
at  some  temperature  close  to  the  full  shear  temperature  and 
then  declines  with  further  increase  in  temperature  In  fair 
accordance  with  the  decline  in  yield  strength.  Also,  transi¬ 
tions  tend  to  be  sharper  and  to  occur  at  lower  temperatures 
the  lower  the  yield  strength  to  which  the  steel  Is  tempered. 

Comparison  of  the  relationship  between  net  fracture 
stress  and  percent  shear  with  varying  temperature  for  differ¬ 
ent  materials  is  facilitated  if  one  is  plotted  directly 
against  the  other,  as  in  Fig,  5.  Data  points  have  been 
omitted  for  clarity,  each,  curve  representing  the  mean  trend 
for  a  particular  low  alloy  steel  in  a  particular  condition 
as  the  temperature  changes  over  the  range  up  to  the  full 
shear  temperature.  The  curves  are  all  similar  in  general 
form,  the  .net  fracture  stress  decreasing  relatively  gradually 
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as  the  fracture  changes  from  full  shear  to  somewhat  less  than 
^ 50  percent  shear,  and  then  quite  rapidly  with  further  decrease 
in  percent  shear.  It  may  be  added  that  with  further  decrease 
in  temperature,  beyond  the  point  at  which  the  shear  borders 
are  no  longer  distinguishable,  the  decline  in  net  fracture 
stress  is  gradual.  Thus  the  major  change  in  net  fracture  ; ‘ 
stress  occurs  in  the  range  between  about  5  and  about  50  per¬ 
cent  shear.  Nevertheless, . since  the . temperature  range  between 
50  and  100  percent  shear  is  often  quite  narrow,  the  full  shear 
temperature  is  an  appropriate  indication  of  the  range  of  marked 
temperature  dependence  of  fracture  toughness. 

It  is  clear  that  the  full  shear  temperature  is  not  a 
sufficient  basis  for  selection,  since  the  resistance  to  full 
shear  fracturing  differs  considerably  among  materials,  and 
between  different  conditions  of  a  given  material,  for  Instance 
C8a/2  and  C5a/3  in  Fig.  5.  Its  main  value  is  as  a  safeguard 
against  the  selection  of  a  material  which  is  highly  tempera¬ 
ture  sensitive  in  the  range  in  which  it  may  be  used.  In 
addition,  there  is  a  broad  negative  corlrelation  between  full 
shear  temperature  and  maximum  level  of  het  fracture  stress, 
the  former  tending  to  increase  and  the  latter  to  decrease 
with  increasing  yield  strength.  The  upper  four  curves  in 
Fig.  5  represent  steels  with  relatively  low  yield  strengths 
(Table  1). 

In  Fig  6,  curves  of  net  fracture  stress  versus  percent 
shear  are  shown  for  cold  rolled  type  301  stainless  steel 
(Yl/1),  aluminum  alloys  2024,T3  (AA),  and  7075. T6  (AB) ,  and 
the  titanium  13-V-llCr-4Al  beta  alloy  in  the  solution  treated 
condition  (Tl/1),  and  after  aging  for  100  hours  at  900°F  (Tl/2). 
The  curves  for  the  two  low  alloy  steels  Xl/1  and  C2b/1  from 
Fig.  5  are  shown  as  dashed  lines  for  comparison.  The  percent 
shear  values  for  the  stainless  steel  and  the  titanium  and 
aluminum  alloys  were  estimated  visually  because  the  fractures 
were  too  irregular  for  measurement.  The  transverse  and  ob¬ 
lique  fracture  modes  do  occur  in  materials  such  as  these,  but 
the  shear  borders  of  intermediate  fractures  are  ragged  and 
somewhat  obscured  by  the  general  roughness  of  the  fractures. 

In  some  cases  it  is  not  possible  even  to  estimate  the  percent 
shear,  but  in  these  examples  the  estimates  could  be  made  well 
enough  to  establish  the  trends  with  confidence. 

For  the  two  aluminum  alloys  the  net  fracture  stress  is 
almost  independent  of  percent  shear,  and  this  is  probably 
true  also  for  the  type  301  stainless  steel,  though  the  data 
for  this  does  not  extend  below  40  percent  shear  and  therefore 
leaves  some  doubt.  The  net  fracture  stress  exceeded  the  yield 
strength  for  the  2024,  but  was  less  than  the  yield  strength 
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for  the  7075  and  much  less  for  the  type  301.  The  behavior 
of  the  age-hardened  titanium  alloy  (Tl/2)  is  very  similar 
to  that  of  the  steel  (C2b/1) ,  whereas  in  the  solution 
treated  condition  (Tl/1)  the  net  fracture  stress  decreases 
almost  linearly  with  percent  shear.  Considering  the  low 
density  of  titanium,  the  resistance  to  fracturing  at  the 
full  shear  temperature  for  the  solution  treated  condition 
is  very  impressive.  Unfortunately,  the  net  fracture  stress 
is  highest  at  the  full  shear  temperature  of  about  -175°F 
and  then  decreases  in  close  correspondence  with  tensile 
strength  to  135  ksi  at  room  temperature^  On  the  other  hand, 
the  full  shear  temperature  in  the  aged  condition  is  above 
460°F  and  the  net  fracture  stress  at  room  temperature  about 
70  ksi  (20  percent  shear).  The  optimum  condition  should  be 
somewhere  between  these  extremes. 

The  resistance  to  fracture  may  be  alternatively  ex¬ 
pressed  in  terms  of  a  quantity  having  a  less  restricted 
significance  than  the  net  fracture  stress.  This  quantity 
is  the  fracture  toughness,  K  ,  proposed  by  G.  R.  Irwin  as 
a  consequence  of  his  stress  ^analyeis  approach  to  the 
problem  of  fracture*.  In  principle,  and  subject  to  certain 
requirements  for  a  satisfactory  test,  K  is  independent  of 
specimen  dimsnslons  other  than  thickness.  It  is  a  measure 
of  the  intensity  of  the  elastic  stress  field  near  the  tip 
of  a  propagating  crack  when  the  raterbf  propagation  reaches 
a  critical  value,  and  is  proportional  to  the  nominal  stress 
normal  to  the  crack  and  to  the  square  root  of  the  effective 
size  of  the  crack.  Different  methods  of  calculating  K  from 
the  results  of  tests  of  notched  sheet  specimens  are  di8tin«> 
guished  in  Reference  (1)  by  subscript  numbers;  the  values 
which  are  used  here  are  those  referred  to  as  K  »  values 
(centrally  notched  specimen,  indirect  estimate^of  critical 
crack  lifength) . 

Curves  of  K  o  versus  percent  shear  are  shown  in  Fig.  7 
for  the  low  allo^'^steels  of  Fig,  5  and  for  three  other  hard- 
enable  steels,  for  which  the  results  were  obtained  with  0.5" 
wide  specimens.  The  increase  of  K  ^  with  percent  shear  is 
more  uniform  than  that  of  the  net  ’^fracture  stress.  There 
is  a  wide' spread  of  fracture . toughness  values  at  the  full 

>)'See  Reference  (l).  wnere  is  Young's  Modulus 

and  is  Irwin's  critical  strain  energy  release  rate. 


shear  temperature,  but  the  spread  decreases  with  decreasing 
percent  shear.  Thus  a  material  which  has  relatively  high 
fracture  toughness  for  full  shear  fracturinjg  does  not  neces¬ 
sarily  have  any  advantage  in  fracture  toughness  for  predomi¬ 
nantly  transverse  fracturing. 


In.  Fig.  8,  curves  of  K  o  versus  percent  shear  are  shown 
for  the  titanium  and  aluminum'^alloys  and  the  type  301  stain¬ 
less  steel,  together  with  curves  for  the  low  alloy  steels 
Xl/1  and  C2b/1  (da.y;wed).  The  comparative  behavior  of  the 
different  materials  is  very  similar  to  that  for  the  net 
fracture  stress  in  Fig.  6, 


General  Remarks 


In  testing  other  titanium  alloys  (6A1-4V,  16V-2,5A1, 
and  4Al-3Mo-‘lV) ,  it  haS  ;j^ot  been  possible  to  classify  fracture 
appearances  in  terms  of  percent  shear,  nor,  as  yet,  to  find 
an  alternative  classification  that  is  roughly  quantitative. 

The  fracture  appearances  do  change  with  temperature,  and  the 
transverse  and  oblique  shear  modes  of  fracture  do  occur,  but 
the  intermediate  cases  take  a  variety  of  forms.  One  compli¬ 
cation  is  that  the  direction  of  propagation,  instead  of 
remaining  normal  to  the  tension  axis,  may  change  at  some  point 
to  become  oblique  to  the  axis.  The  distance  from  the  origin 
at  which  the  change  in  direction  occurs  is  greater  the  low;;:)!' 
the  temperature  and  the  effect  is  clearly  due  to  the  finite 

width  of  the  specimen.  With  these  alloys  so-called  transit.; . 

tlons  in  the  dependence  of  net  fracture  stress  and  fracture 
toughness  on  temperature  do  occur,  and  it  may  be  possible 
when  enough  examples  have  been  studied  to  find  a  related 
fracture  appearance  index. 

TliC  texture  of  transverse  fracture  regions  changes  with 
temperature  as  well  as  differing  between  one  alloy  and  another 
While  this  is  hardly  a  suitable  attribute  for  macroscopic  meas 
urement,  it  would  clearly  be  a  most  interesting  subject  for 
detailed  study  at  high  magnification.  As  far  as  is  known  no 
such  study  of  high  strength  materials  has  yet  been  reported. 

Occasionally  fractures  of  sheet  materials  are  found 
which  have  a  markedly  laminated  appearance.  Splitting  occurs 
on  planes  of  weakness  parallel  to  the  sheet  surfaces,  appar¬ 
ently  in  advance  of  fracturing.  This  may  be  quite  beneficial 
as  far  as  fracture  toughness  is  concerned  because  these  inter¬ 
nal  free  surfaces  reduce  the  constraint  and  inhibit  transverse 
fracturing  in  favor  of  shear  separation.  The  sheet  behaves 
rather  like  a  loosely  bonded  pack  of  much  thinner  sheets  and 
benefits  from  the  thickness  effect  that  was  mentioned  earlier. 
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Summary 


A  fundamental  distinction  may  be  made  between  transverse 
and  oblique  shear  mo(^es  of  fracture,  referring  to  macroscopic 
orientation.  In  many  sheet  materials  mixed  fractures  take  a 
simple  form  which  can  be  described  in  terms  of  a  percent  shear 
index.  The  temperature  dependence  of  this  index  is  character¬ 
istic  of  the  material,  its  condition  and  its  thickness,  and  is 
closely  related  to  the  temperature  dependence  of  the  fracture 
toughness  in  terms  of  load-bearing  capability.  A  simple  con¬ 
cept  is  to  regard  the  material  as  having  separate  and  indepen¬ 
dent  properties  of  transverse  or  ’’plane  strain”  fracture 
toughness,  and  shear  or  ’’plane  stress”  fracture  toughness  (the 
terms  in  quotes  are  due  to  G.  R.  Irwin).  Thus,  the  change  in 
observed  fracture  toughness  with  temperature,  oyer  the  range 
in  which  the  fracture  appearance  changes,  is  due  to  the  change 
in  relative  contributions  of  the  two  types  of  fracture  tough¬ 
ness.  For  some  materials  these  differ  widely,  resulting  in 
a  marked  transition  in  observed  fracture  toughness  with  tem¬ 
perature.  For  other  materials  they  may  differ  hardly  at  all, 
and  the  observed  fracture  toughness  then  varies  only  gradually 
with  temperature.  Changes  in  the  Individual  values  of  the 
two  types  of  fracture  toughness  with  temperature  are  thought 
to  be  gradual;  in  fact,  the  fracture  toughness  for  full  shear 
fracturing  usually  decreases  with  increasing  temperature,  con¬ 
trary  to  the  behavior  of  the  observed  fracture  toughness  in 
the  transition  range. 

For  materials  which  do  suffer  a  radical  change  in  frac¬ 
ture  toughness  over  a  narrow,  transition  range  of  temperature, 
it  is  important  to  know  where  this  range  is  in  relation  to 
the  temperature  at  which  the  material  will  be  in  service. 

The  full  shear  temperature  is  a  useful  index  in  this  respect, 
and  appears  to  have  the  advantage  of  being  Independent  of 
specimen  width.  However,  the  resistance  to  full  shear  frac¬ 
turing  varies  widely  among  different  materials  so  that  frac¬ 
ture  appearance  is  not,  in  Itself,  a  sufficient  criterion  of 
suitability  of  a  material. 
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FIG.  2  -  EFFECT  OF  THICKNESS  ON  PERCENT  SHEAR 
FRACTURE  FOR  A  LOW  ALLOY  STEEL, 
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FIG.  3  -  EFFECT  OF  ’’NOTCH"  SHARPNESS  ON  PERCENT  SHEAR 
FRACTURE  FOR  HARDENED  AND  TEMPERED  12%  Cr 
STAINLESS  STEEL. 
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PERCEirr  SHEAR  NET  FRACTURE  STRESS  (KSI) 


FIG.  4  -  NET  FRACrURE  STRESS  AND  PERCENT  SHEAR  FOR 

TWO  LOW  ALLOY  STEELS.  RATIO  OF  CRACK  LENGTH 
TO  WIDTH  BETWEEN  0.35  and  0.4. 
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FIG.  5  -  RELATIONSHIP  BETWEEN  NET  FRACTURE  STRESS  AND 
PERCEfJT  SHEAR  WITH  VARYING  TEMPERATURE  FOR 
SEVERAL  LOW  ALLOY  STEELS.  (SEE  TABLE  1). 
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FIG.  V  -  RELATIONSHIP  BETWEEN  FRACTURE  TOUGHNESS,  Kg, 

AND  PEECENT  SHEAR  WITH  VARYING  TEMPERATURE 
FOR  SEVERAL  HEAT  TREATED  STEELS.  (SEE  TABLE  1.) 
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FIG.  fo  -  RELATIONSHIP  BEn^EEN  FRACTURE  TOUGHNESS,  K 

AND  PERCENT  SHEAR  WITH  VARYING  TEMPERATURE^*^ 
FOR  ALUMINUM  ALLOYS,  AA  AND  AB,  TITANIUM  ALLOY, 
Tl/1  AND  Tl/2,  COLD  ROLLED  STAINLESS  STEEL,  Y1 , 
COMPARED  WITH  LOW  ALLOY  STEELS.  (SEE  TABLE  1.) 


1V»62 


PIASTIC  ZONE  NEAR  A  CRACK  AND  FRACTURE  TOUGHNESS 

by 

G.  R.  Iryln 

U.  S.  Naval  Research  Laboratory 
Washington  2^,  D.  C* 

Introduction 


In  order  to  discuss  fracture  in  terms  of  stresses  we  need  a 
descriptive  terminology  related  to  the  stresses  near  the  leading  edge 
of  the  crack.  One  might  term  the  sinplest  method  for  doing  thl9;  a 
one-parameter  method.  A  natural  and  appropriate  characterization  of 
the  one-parameter  type  is  provided  by  the  crack-extension  force  Jh  or 
equivalently  by  the  stress  intensity  factors  K  and  ^  .  These 
terms  are  related  as  follows  (l): 


r 


(M  E  (plane  stress ) 

^  E  (for  plane  strain)  -  -  -  (l) 


E  is  Young's  modulus  and  ^  is  Poisson's  ratio. 


As  an  exanqde  of  the  descriptive  use  of  these  stress  field 
parameters,  one  can  apply  tension  to  a  test  specimen  containing  a 
starting  crack  and  observe  the  value  of  the  stress  parameter  for 
onset  of  rapid  crack  extensions.  The  special  values  of  the  parameters 
obtained  in  this  vay  are  designated  Kq,  and  vc*  When  carefully 
done,  this  testing  procedure  results  in  a  useful,  reproducible  and 
quantitative  measurement  of  fracture  toughness  (2) . 

Normally  in  fracture  tests  of  this  type  the  stress  field 
parameter  value  is  not  obtained  from  an  experimental  stress  analysis . 
Instead  the  length  of  the  slow  crack  is  marked  with  a  staining  pro¬ 
cedure  SLnd  an  appropriate  theoretical  analysis  in  terms  of  crack 
length  2a,  gross  section  stress  o'  ,  and  specimen  width  W  is  used 
to  calculate  the  stress  field  parameter .  For  example,  in  the  case  of 
the  centrally-notched  specimen.  Figure  1,  the  recommended  computation 
procedure  is  based  upon  the  equations: 

s  W  tan  u  -  --  --  --  --  --  --  --  (2) 

and  u  =  ^  f  8-  + 

w  V 

where  is  the  uniaxial  tensile  yield  stress . 

The  stress  analysis  basic  to  equations  (2)  and  (3)  Is  derived 
from  a  mathematical  model  which  differs  from  the  real  specimen 
principally  in  j\ist  two  ways.  One  difference  is  that  the  mathematical 
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ttodsl  corresponds  to  a  specimen  subject  to  relatively  small' nozmal 
stresses  on  the  aide  boundaries.  In  the  teak  situations  of  practical 
Interest  this  difference  from  the  real  test  specimen  has  a  iiegllglble 
influence  on  the  value  of  K  and  is  not  of  Interest  In  this  discussion. 
The  second,  and  more  significant  differtnce  stems  from  the  fact  that 
the  mathematical  model  Is  based  entirely  on  equations  of  linear 
elasticity.  The  allovance  for  zones  of  plastic  strains  at  the  crack 
ends.  Illustrated  by  the  term  added  to  a  In  eqwtlon  (3),  merely 
assumes  the  Influence  of  stress  relaxation  in  the  plastic  zones  Is 
equivalent  to  additional  cxack  length  in  the  siiq^le  vay  shovn. 

The  existence  of  a  difference  between  the  real  test  situation  and 
the  Idealized  mathematical  model  eiqployed  for  test  analysis  puz^ses 
Is  a  universal  characteristic  of  pl^slcal  measurements.  Sometimes  the 
difference  Is  recognized  but  Ignored,  In  other  Instances  an  approximate 
correction  procedure  Is  employed.  An  example  like  the  crack  stress 
field  problem  In  some  rehpects  can  be  given  from  another  field  if  one 
allows  going  back  some  years  In  time,  back  to  the  period  idien  the 
study  of  resonance  frequencies  of  open  and  closed  tubes  was  of 
considerable  Interest.  It  was  noted  the  tid>es  resonated  as  if  the 
effective  length  exceeded  the  actual  length.  Intuitively  It  seemed 
that  a  length  equal  to  half  the  tube  diameter  added  at  each  open  end 
would  be  about  the  right  correction.  Use  of  an  end  effect  correction 
of  this  amount  was  suggested  by  such  authorities  as  Rayleigh  and 
l4Sib  and  served  a  useful  purpose  In  this  application  for  many  years. 

I  have  been  Informed  some  theoretical  calculations  during  the  past 
1^  years  have  been  made  ^Ich  show  the  prpper  end  effect  correction 
Is  very  nearly  but  not  exactly  equal  to  half  the  tube  diameter. 

As  was  true  of  the  acoxistlc  tube  end-effect  so  also  In  the  case 
of  the  plastic  zone  correction  there  are  simple  considerations  which 
suggest  an  approximate  answer  to  the  problem. 


Notched  Sheets  In  Tension 


The  elastic  theory  stress  amlysls  for  the  end  region  of  a 
long  crack  In  an  Infinite  plate  predicts  the  tension  normal  to  the 
crack,  (T^,  acting  across  the  line  of  expected  crack  extension  Is 
given  by 


(4) 


where  r  Is  the  distance  from  the  end  of  the  crack.  By  solving  for 
r  with  put  equal  to  the  uniaxial  yield  stress  (Tyg  one  obtains 

~  Tff  . 

Since  stress  relaxation  in  the  plastic  zone  means  more  stress 
must  be  carried  beyond  this  zone  It  is  clear  the  actual  zone  of 
plastic  strains  must  extend  to  a  greater  distance  than  rY'3  from 
the  end  of  the  crack.  On  the  other  hand  our  problem  does  not 
actually  require  knowing  the  size  and  shape  of  the  plastic  zone  or 
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the  stresses*  within  this  zone.  IVhat  we  need  is  an  estimate  of  the 
additional  crack  length  such  that  the  elastic  stress  field  for  the 
lengthened  crack  would  correspond  closely  to  the  real  stress  field  in 
regions  beyond  the  zone  of  plastic  strains.  This  added  crack  length 
should  be  smaller  than  the  actual  plastic  zone  size  and  might,  in 
fact,  be  nearly  equal  to  ryg  .  The  situation  is  shown  schematically 
in  Figure  l. 


Consider  next  the  net-section  stress  expected  from  equations  (2) 


and  (3).  One  can  derive  from  equation  (2)  and  (3)  the  relation 


Taking  the  square  root  of  both  sides  of  equation  (6)  one  has 


1  - 


^  Jtan 


Using  the  term  on  the  left  of  equation 
and 


1/2 


-  -  (7) 


abscissa  variable 


(iJL) 


as  the  ordinate,  Figure  2  shows  essentially  the  predicted 


variation  of  net-section  stress  with  inverse  square  root  of  specimen 
width.  Curves  for  two  fixed  values  of  a/W  are  shown.  As  the 
specimen  width  becomes  smaller,  conditions  on  the  next  section  approach 
those  of  general  yielding.  Because  of  this  one  expects  measured  values 
of  net-section  stress  would  fall  below  proportionality  to  l/J  W  and 
approach  some  value  in  the  yield-tensile  strength  range  as  specimen 
width  is  decreased.  If  we  use  only  the  region  of  positive  slope, 
equation  (7)  predicts  a  behavior  of  the  type  expected. 


Now,  if  the  plastic  zone  correction  factor  had  been  taken  to  be 


the  effect  of  the  proportionality  factor  p  is  to  multiply  the 
number  scales  of  ordinate  and  abscissa  by  1/ J  p.  By  taking  p  to 
be  unity  the  net-section  stress  predicted  by  equation  (7)  has  a 
maximum  value  of  nearly  equal  to  1. 15  cryg,  a  plausible  value  in 
the  yield- tensile  strength  range.  This  maxmum  occurs  when  the  size 
of  rp  is  nearly  half  of  the  unbroken  ligament  of  the  specimen. 

From  equations  (4)  and  (s)  one  can  see  that,  as  an  estimate  of 
the  plastic  zone  correction  factor,  ryg  is  unlikely  to  be  wrong  by 
as  much  as  a  factor  of  two.  From  Figure  2  and  equation  (7)  it  is 
clear  the  proportionality  factor,  p,  must  be  selected  to  be  in  the 
range  0.75  to  1.3  in  order  to  predict  a  leveling  off  of  net-section 
stress  in  the  range  of  1.0  to  1.3  Cyg. 

The  value  of  K  is  determined  by  stress  level  and  by  crack 
length.  In  the  above  discussion  the  plastic  zone  correction  was 
discussed  only  in  terms  of  an  adjustment  to  the  crack  length.  A  more 
accurate  though  more  complex  correction  procedure  can  be  developed 
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by  use  of  a  stress  level  correction  tern  In  addition  to  the  cradc 
length  correction  term.  The  latter  is  not,  in  this  case,  as  large, 
and  the  relative  oa^itudes  of  the  two  •  correction  terms  can  be 
adjusted  to  give  an  iniproved  fit  to  the  actual  stress  field  in  the 
specimen. 


As  an  illustration  consider  again  the  centrally-notched  sheet 
tensile  specimen.  The  K  value  of  eouation  (2)  is  derived  from  a 
stress  analysis  which  predicts  the  stresses  along  the  line  of 
expected  crack  extension  are  given  by 


o-y  =<r 

with 


Assume  that  the  crack  length  is  half  the  specimen  width,  the 
value  ot  S  iB  2  JT  \diere 

(P  =  -4- ,  . (n) 


and  W/B  is  i6.  In  this  event  selection  of  a  plastic  strain  cor¬ 
rection  equal  to  rys  has  the  effect  of  increasing  K  by  about 
10  percent.  A  similar  increase  of  K  would  occur  by  addition  toO* 
of  a  stress  correction  term  equal  to  10  percent  offl*.  Alternatively 
one  could  add  rYs/2  to  a  and  increase 0^  only  5  percent.  All 
three  corrective  procedures^  would  predict  the  same  K  value  to 
within  1  percent.  However,  the  agreement  of  equation  (9)  with  ah 
experi^nbal  stress  analysis  across  the  net  section  along  the  x-axis 


is  sensitive  to  these  alternatives . 


A  program  of  experimental  stress  measurements  to  explore  this 
situation  was  initiated  at  the  Naval  Research  Laboratory  last  year. 
The  experiment  employed  a  12  inch  wide  sheet  of  l/8-in.  thick 
7075-T6  A1  alloy  with  a  central  .slot  and  a  photoelastic  coating  on 
each  side.  The  central  slot  ended  in  3/l6-in.  diameter  holes  to 
deter  crack  formation.  The  experiment  consisted  in  application  of  a 
series  of  increasing  tensile  loads  and  the  determination,  at  e\ch 
load,  of  the  corrective  factors  to  the  applied  gross  section  stress 
or  and  to  the  crack  length. 

Replacing 0*  iJi  equation  (9)  by  {  for  each  of  the 

tensile  loads  CT,  it  was  possible  to  find  a  pair  of  values, CJT 
and  p  ,  such  that  from  equation  (9)  (thus  modified)  fitted  the 

measxuad  values  of  tfy  along  the  x-axls  throughout  the  region  of 
elastic  strains .  Values  of  p  were  then  found  using  the  relation 
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The  experimental  values  of  pr^s  shown  on  figure  3  as  a 
function  of  rys*  At  light  loeuis  the  circiUar  opening  at  each  end  of 
the  slot  had  a  strong  influence  on  the  results .  However,  the  measured 
crack  length  correction  appeared  to  approach  ryg  as  the  load  was 
Increased  and  it  was  not  possible  within  experimental  uncertainties  to 
conclude  that  a  significant  difference  of  p  from  unity  was  indicated 
by  these  measurements. 

From  the  equation  for  K  as  influenced  by  and  p,  ryg  the 
effect  of  these  correctipns  decreases  as  specimen  width  increases. 

Thus  a  study  of  K  as  a  function  of  specimen  size  should  assist 
finding  best  values  for  the  correction  terms.  Theoretically  this 
procedure  might  seem  the  basic  method  for  their  determination.  In 
practice  there  are  many  pitfalls.  At  specimen  widths  exceeding  ^0 
times  the  sheet  thickness  (for  steel)  it  is  often  necessary  to  use 
buckling  restraints  on  the  test  sheet  to  Instire  a  flat  sheet  test 
situation  at  onset  of  fast  fractun.  If  an  oblique  shear  mode  of 
fracture  occtirs,  too  much  restraint  Interferes  with  transverse  displace^ 
meats  natural  to  the  she^r  fracture  and  too  little  restraint  allows  an 
imdeslrable  deyiatlon  from  sheet  flatness.  For  heat  treated  hig^ 
strength  sheet  steels  some  residual  stress  may  exist  in  the  specimen 
and  i^ect  test  results  in  a  way  dependent  upon  specimen  size.  The 
latter  effect  can  be  avoided  by  use  of  test  specimens  cut  from  a 
large  sheet  of  7073  T-6  Aluminum.  Figure  k  shows  results  for  such 
specimens.  Restraints  to  prevent  buckling  were  necessary  for 
greater  than  80.  In  addition  24  frames  per  second  movies  instead  of 
ink  staining  was  the  method  used  for  estimating  crack  length  at  onset 
of  rapid  fraoture  in  all  but  two  of  the  results  shown.  The 
calculations  assumed  p  equal  to  unity.  Fr6m  the  appearance  of  the 
results  a  different  chpl,ce  of  p  would  not  have  Ijqproyed  uniformity 
of  Kq  as  a  function  of  specimen  width.  In  fact,  as  shown  on 
Figure  4,  the  largest  shift  of  a  plotted  point  by  reibovlng  the  plastic  ■ 
strain  correction  Is  smaller  than  variation  of  due  to  causes  not 
related  to  plastic  strain. 

Plane  Strain  Stress  Conditions 

Meas'ufements  of  crack  toughness  in  terms  of  the  value 

designated  are  conveniently  made  using  a  round  tensile  bar  with 

a  clfcumferentml  notch  of  sharp  root  radius  (^) .  In  several  respects 
these  tests  less  complex  than  crack  toughness  measurements  of  sheet 
xnaterlal.  Because  of  notch  sharpness  there  are  no  shear  lips  growing 
at  the  side  boundaries  of  the  initial  crack  to  assist  stable  slow 
crack  extension  euid  the  separation  due  to  slow  crack  extension 
nozmally  is  so  small  it  seems  permissible  to  neglect  this  factor  in 
calculating  results.  Thus  ink  staining  of  the  slow  crack  is  xiot 
required.  In  addition  the  plane  strain  stress  conditions  at  the 
edge  of  the  sharp  notch  result  in  an  effective  notch  depth 
substantially  less  than  ryg  because  of  the  increased  elastic 
conEtzalnt..  Cosparlng  plane  stress  and  plane  strain  stress  conditions 
from  the  crack  edge  elastic  stress  eqmtions  for  eqimil  K  value,  one 
finds  the  average  of  the  square  of  the  largest  shearing  stress  is 
less  for  plane  strain  than  for  plane  stress  by  a  factor  of  0.39 • 
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one  choosea  as  the  effective  increase  of  notch  depth  the  value 
rys/2»/5~  (■  0*35  rrs).»  this  10  percent  smaller  factor 

permits  some  simplification  in  the  numbers  appearing  in  the  K  value 
equation  for  a  specimen  notched  so  as  to  make  the  net  section  area 
half  of  the  cross  section  area.  The  eqmtion  for  K  then  becomes 


K 


1 


7 ? 

2/rD  ffyg 


•] 


0.233 


(13) 


where  B  is  the  cross  diameter  of  the  specimen  and  is  the  net 
section  stress  at  fracture. 


Equation  (13)  is  of  the  form 


vLere  x  s 

Figure  3  shows  the  values  of  ratlo(7^/G^g  as  a  function  of 
X  from  equation  (l4).  At  values  of  x  approaching  O.63  equation  (ik) 
predicts  a  pronounced  departure  of  ^  from  proportionality  to 
Inverse  square  root  of  specimen  size  and  a  trend  toward  a  nifty<nniin 
value  of  Data  points  from  tests  of  7075-T6  aluminom 

(squares)  euid  tests  of  a  rotor  steel  (circles)  are  also  shown. 

The  plastic  zone  correction  factor  of  ryg/2vr5“  Is  an  inter¬ 
mediate  choice  relative  to  the  data  shown  and  is  consistent  with  the 
plane  stress  correction  factor  from  approximate  analysis  of  the 
Influence  of  elastic  constraint.  In  view  of  the  fact  that  plastic 
yielding  near  a  crack  Is  also  infl\ienced  by  strain  hardening,  stress 
gradient,  and  other  significant  details  It  seems  pointless  to  atteavt 
more  than  a  rough  estimate  of  the  plastic  strain  corrections  in 
terms  of  their  proportionality  to  (k/  Oyg)^*  From  the  considera¬ 
tions  discussed  above  the  plastic  strain  correction  factor  should 
be  In  the  range  O.Szys  l'3zYS  conditions  of  plane  stress 
and  should  be  In  the  range  0»3^s  plane  strain.  Given 

any  selections  In  these  ranges,  materials  and  test  conditions  could 
probably  be  fovmd  for  \dilch  the  selected  corrections  would  seem 
correct . 


[1  -  (1/2)  x2]  -  0.233 
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Fracture  Mode  Transition  and  a  Minimum  Toughness  Criterion 

Plastic  yielding  near  the  leading  edge  of  a  crack  was  discussed 
above  In  terms  of  Its  Influence  iq>ou  the  stress  analysis  applied  to 
test  specimens.  For  a  crack  traversing  of  a  plate  one  can  observe 
that  a  change  from  flat-tensile  to  oblique  shear  fracture  can  be 
Introduced  by  reduction  of  plate  thickness  (4).  This  fracture  mode 
transition  correlates  with  the  ratio  of  r^g  to  plate  thickness  B 
in  such  a  way  that  mid-range  conditions  of  fract\ire  transition  occiu* 
when 

2rYs  B----------  (15) 
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(16) 


6  -  -  -  IT 

Tc  -  2  " 

®'^YS 

Figure  6  shows  lUustrstlve  data  for  7075-T6  Al.  Die  dashed 
line  represents  equation  (l6) . 

Intuitively  one  feels  use  of  a  sheet  aaterlal  tough  enough  so  that 
full  shear  fracturing  is  observed  should  bring  a  substaotlal  measure  of 
protection  from  fracture  falltire  dxie  to  snail  flaws.  For  high  strength 
sheet  steels  the  percent  shear  for  a  Tuzmlng  crack  is  consistently 
above  $0  percent  for  ^  >  2  rf.  A  ^  value  of  2  IT  has  been  sug¬ 
gested  as  a  minimum  toughneiss  criterion  for  such  structures  (2) . 

Figure  (7)  provides  some  support  for  this  Idea. 

Commonly  fracture  failure  of  a  high  strength  steel  pressure  vessel 
occurs  by  the  spread  through  the  wall  thickness  of  a  small  crack 
the  subsequent  lateral  propagation  of  the  crack  after  local  severl^ 
through  the  wall  has  occurred.  Hho  eoeq^tatlons  shown  on  this  fimre 
are  Intended  to  represent  the  stress  (in  fraction  of  yield  stress; 
required  for  czuck  propagation  at  various  stages  of  this  process.  .The 
SMvement  of  the  leading  edge  of  the  czmck  assumed  in  the  oaloulatioins 
is  shown  on  the  figure  by  dashed  lines. 

To  the  left  the  curves  refer  to  extension  of  a  partial  crack  from 
one  surface  through  the  plate.  To  the  right  the  curves  refer  to  exten¬ 
sion  of  a  through  crack.  Three  levels  of  toughness  are  represented, 
as  indicated  by  the  ^  nisobers  on  the  curves  to  the  right.  The  same 
thzse  levels  of  toughness,  but  expressed  in  terms  of  valnss, 

appear  oh  the  gnph  at  the  left.  is  defined  by  the  equation 

. (17) 

B  (Tys 

To  obtain  values  of  A  corresponding  to  iS  use  was  made  of 
the  enplrlcal  relation 

Ac  (1  +  1-1  flc> . (1®) 

In  terms  of  percent  shear  the  assusqptions  were  intended  to  correspond 
approximately  to  80,  50,  and  5  percent  shear  in  the  appearance  of  the 
running  crack.  For  the  lower  two  toughness  levels  the  stress  required 
for  propagation  Is  generally  less  than  80  percent  of  the  yield  stress 
and  decreases  steadily  with  no  indication  of  an  arrest  tendency  as 
the  crack  completes  through  the  thickness.  For  z  2  TT  a  stress 
equal  to  the  yield  stress  is  required  both  for  the  half  depth  crack 
and  for  the  through  crack  of  half  length  equal  to  the  plate  thlclness. 
Hence  there  Is  a  sviggestlon  that  fracture  arrest  may  occtur.  With 
moderate  additional  toughness  stresses  greater  than  the  yield  stress 
would  be  required  throughoxxt  the  partial  crack  extension  process. 
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Fracture  mode  transition  is  a  general  thing  occurring  in  low 
carbon  steel  and  soft  metals  as  well  as  in  high  strength  metals.  The 
meaning,  however,  of  the  fracture  appearance  is  somewhat  different 
because  the  running  crack  fracture  appearance  is  determined  by  a 
relative  plastic  zone  size  based  upon  dynamic  rather  than  the  static 
yield  propez^ies.  For  high  strength  metals  there  is  relatively  little 
dynamic  elevation  of  the  yield  stress.  A  mild  steel  structure  would 
be  expected  to  bear  loads  less  than  those  required  for  general 
yielding  with  reference  to  the  yield  stress  for  slpw  loading,  a  stress 
level  probably  less  than  lt0,000  psi.  However,  for  rapid  loading 
yielding  occurs  at  a  stress  level  higher  by  a  factor  of  2  to  3 
depending  upon  loading  speed.  Thus  in  terms  of  percent  of  dynamic 
yield  stress  a  stress  level  sufficient  to  arrest  a  crack  in  the  first 
through-crack  position  shown  in  Figxxre  7  is,  for  low  carbon  structural 
steel,  unlikely  to  exceed  the  lowest  of  the  three  curves  and 
corresponds  to  less  than  10  percent  shear  lip  in  the  rvinnlng  crack 
fractvire  appearance.  Assuming  there  is  no  dynamic  overstressing  and 
that  engineers  usually  estimate  design  loads  in  a  conservative  manner 
for  mild  steel  structures,  a  fracture  toughness  criterion  of  the 
mll-ductlllty  type  means,  in  most  such  structxires,  about  the  same 
degree  of  crack  propagation  safety  as  one  has  in  a  high  strength 
rocket  chamber  for  \dilch  the  wall  toughness  corresponds  to  pc  ■  2  IT 
and  the  fracture  appearance  is  nearly  100  percent  shear. 


Summary 


The  effect  of  plastic  strains  on  the  crack  edge  stress  field,  on 
fracture  mode  transition,  and  on  the  toughness  necessary  for  arrest 
of  a  short  throxigh-crack  can  be  estimated  approximately  in  terms  of  a 
length  zy5  given  by 


In  each  case  the  estimate  is  only  of  the  rough  approximation 
type.  However,  it  should  be  noted  in  support  of  these  estimates 
that  substsuitlal  lflq)rovements  will  require^  solution  of  complex 
multi-parameter  problems.  Within  the  framework  of  a  slisple  one- 
parameter  representation  of  the  stress  elevation  near  the  leading 
edge  of  a  crack,  exact  answers  to  these  problems  do  not  exist.  In 
addition,  each  of  the  problems  discussed  is  affected  by  other 
uncertainty  factors  of  comparable  magnitude  which  are  not 
representable  in  terms  of  an  elastic-plastic  stress  analysis  problem. 


IV-70 


References 


(1)  a.  R.  Irvin,  J.  A.  Kies,  H.  L.  Smith,  "Fracture  Strengths 
.  .  Relative  to  Onset  and  Arrest  of  Crack  Propagation, "  Proc . 

ASTM,  Vol.  58,  p.  61tO,  1958 

(2)  ASTM  Committee  Report,  "Fracture  Testing  of  High  Strength 
Sheet  Materials,"  A!?rM  Bulletin,  p.  29-^,  Jan.  i960 

(3)  G.  R.  Irvin,  "Dimensional  and  Geometric  Aspects  of  Fracture," 
ASM  Conf.  on  Fracture  of  Eng.  Ibt'ls,  Troy,  H.  Y., 

Avigiist  24-25,  1959 

(4)  G.  R.  Irvin,  "Fra<^ure  Mode  Transition  for  a  Crack  Trav- 
versing  a  Plate,"  Trans.  ASMS,  Vol.  82,  Series  D,  p.  417 
(i960) 

(5)  G.  R.  Irvin,  J.  A.  Kies,  "Fracture  Theory  as  Applied  to  High 
Strength  Steels  for  Pressure  Vessels,"  Golden  Gate  Metals 
Conf.,  San  Francisco,  Calif.,  Feb.  4-6,  i960 


IV- 71 


9^ 


I 

I 


PIASTIC  ZONE 


CR4CK 


y 

/  y 


✓ 


Fig.  1  -  The  distance  r  from  the  effective  edge  of  the  crack  to 
the  position  of  the  normal  tensile  stress  ^e  size  of  the 

plastic  zone  correction  is  shown  schematically  relative  to  the 
plastic  zone  size. 
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Fig.  3  -  Experimental  stress  analysis  measuirements  of 
pryg  plotted  against  r--  for  a  1/8"  thick  centrally 
slotted  sheet  tensile  specioen  of  7073  T-6  alundnua. 


.1  .2  .3  .4  .5  *6  .7  *8 

Fig.  5"  Influence  of  the  added  effective  notch  depth  (1^3/2/?) 
upon  the  relation  of  net.  section  stress  to  Inverse  sg.usre  root 
of  specimen  diameter  for  circumferentially  notched  round  tensile 
bars  as  predicted  hy  equation  (13).  Sbovn  on  the  figure  an 
experimental  points  for  a  rotor  steel  and  for  alxMlnum » 
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Fig.  6  -  K«  as  a  function  of  reciprocal  sheet 
thickness  tV®)  7075-T6  aluminum  alloy.  Dashed 
line  is  the  (3^  b  2.4  locus 
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Flg^  7  -  Rlglit  background  graph  ahovs  relatiye  atraa*  for 
propagation  of  through-cracks.  Three  levels  of  toughness  are 
represented  corresponding  to  values  of  ZV,  2.4,  and  0.68. 
Left  backgro^md  graph  shows  relative  stress  for  propagation  of 
partial  cracks.  Coeqputatlons  were  based  upon  plue  strain  ^Ic 
values  estlnated  as  equivalent  to  the  through-crack  valuee. 
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FRACTURE  ARREST  IN  PRESSURE  VESSELS 


BY 

JOSEPH  1.  BLUHM 
and 

MILTON  M.  MARDIROSIAN 
ABSTRACT 

A  technique  is  developed  for  the  experimental  evaluation 
of  the  elaatic  energy  release  rate  in  a  pressure  vessel 
and  is  applied  to  plastic  models.  The  feasibility  of 
effecting  crack  arrest  is  demonstrated  and  the  prediction 
of  the  arrested  crack  length  is  schematically  indicated. 

I.  INTRODUCTION 

The  risk  of  catastrophic  or  rapid  fracture  in  a  structural  compo¬ 
nent  can  be  minimized  in  a  number  of  ways.  Obviously,  first  consid¬ 
erations  tend  toward  optimization  of  the  material  selection  such  as  to 
utilize  a  material  having  as  high  a  "toughness*  as  possible,  consistent 
with  the  strength  levels  required  and  operating  temperatures  involved. 

All  too  frequently,  however,  weight  considerations  dictate  such  a  high 
strength  level  that  the  toughness  levels  available  in  even  the  beat 
materials  is  only  marginal. 

A  second  alternative  is  to  use  materials  at  a  lower  than  otherwise 
optimum  strength  level.  This,  of  course,  entails  a  weight  sacrifice 
though  an  appreciable  gain  in  toughness  may  be  effected. 

\ 

Finally,  one  can  approach  the  problem  by  consideration  of  design 
innovations  which  might  be  employed.  Consider  the  case  where  even  the 
best  of  the  materials  tentatively  selected,  has  inadequate  toughness 
and  that  crack  initiation  is  highly  probable.  Can  tbe  designer  then 
employ  some  design  device  to  minimize  the  consequences  of  the  antici¬ 
pated  rapid  fracture? 

It  is  proposed  that  if  a  crack,  which  has  started  to  propagate,  is 
halted  prior  to  a  functional  failure  of  the  materiel,  then  in  effect 
the  hazards  associated  with  the  fracture  are  minimized  and  limited  pro¬ 
pagation  consequently  may  be  tolerated.  Obviously,  a  small  crack  in  a 
liquid  fuel  container  may  permit  escape  of  fuel  and  possible  consequent 
ignition  and  self-destruction  or  other  malfunction.  In  such  applications, 
even  the  initiation  of  a  crack  must  be  prevented.  But  what  of  the  case 
of  a  solid  fuel  rocket  motor  casing,  for  example?  Leakage  is  not  a 
primary  problem.  If  a  crack  which  has  initiated  can  be  arrested,  i.e. 
brought  to  a  halt,  prior  to  a  functional  failure,  then  a  finite  crack 
might  be  tolerated. 

It  is  then  the  express  purpose  of  the  present  study  to  examine  the 
feasibility  of  designing  for  crack  arresting  in  such  vessels  and  to 
provide  some  basis  for  a  design  procedure. 


jv .  “9> 


II.  BASIC  CONSIDERATIONS 


The  classic  paper  by  Griffith  (1)^  lays  the  foundation  for  the  de- 
Telopaent  of  our  current  thinking  on  fracture.  This  work  aiaed  at  explain¬ 
ing  the  discrepancy  between  the  theoretical  and  obserred  strengtha  of  glass 
(a  very  brittle  aaterial),  eatablishe^  the  energy  balance  criterion  for  the 
instability  of  a  crack  as  follows: 


dG/dA>dS/dA  (s) 

where  dG/dA  is  the  rate  of  release  of  elastic  strain  energy  per  unit  in¬ 
crease  in  crack  surface  and  dS/dA  is  the  rate  of  energy  absorbed  per  unit 
increase  in  crack  aurface  as  surface  tension.  This  equation  inplies  that 
for-  a  fixed  specinen  haring  a  crack  aa  the  load  is  increased,  a  critical 
load  will  be  reached  such  that  the  rate  of  release  of  strain  energy  is  just 
equal  to  the  rate  of  surface  energy  absorbtion.  If  the  load  is  increased 
slightly,  the  crack  will  become  unstable  and  propagate. 

The  extension  of  this  basic  equation  to  structural  metals  hss  been 
discussed  in  the  literature  (2)  end  in  effect  replaces  the  surface  energy 
term  dS/dA  by  a  plastic  work  term  dP/dA.  Then  the  instability  criterion 

becomes 


dG/dA  >.  dP/dA 


(b) 


These  equations  though  applicable  to  the  onset  of  rapid  fracture, 
require  some  insight  for  practical  application  in  view  of  the  uncertainties 
relating  to  the  actual  plastic  stress  state  near  the  crack  root  (3).  The 
applicability  of  these  equations  has  been  implied  similarly  (4)  for  the 
*arreat*  criterion.  It  is  not  beliered  that  these  equations  are  generally 
ralid  as  an  arrest  criterion  without  due  consideration  of  the  kinetic 
energy  changes,  dK/dA  which  occur;  more  generally,  for  'arrest*  one  might 
use 


dG/dA  <  dP/dA  ♦  dK/dA 


(c)2 


Since  at  the  present  time  analyses  of  the  dynamics  of  the  growing 
crack  are  not  arailable,  the  use  of  quasi-static  criterion,  i.e.  Equation 
(b),  for  the  arrest  condition  has  generally  been  adopted  (4)  (5). 


ivmbtrs  in  par»nth*s*s  reftr  to  bibliography  at  the  end  of  the  paper. 
^More  generally,  the  energy  balance  is  written  as  follows: 


dG/dA  ♦  dF/dA  <  dS/dA  ♦  dP/dA  ♦  dK/dA 


where  df/di  is  the  rate  of  work  of  the  external  forces;  for  rapid  fracture  of  large 
specimens,  tfcis  work  term  can  be  ignored  in  both  the  onset  and  arrest  criteria. 

In  small  specimens,  this  term  must  be  taken  into  account. 
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III.  THE  EXPERIMENTAL  PROGRAM 


A.;  General 

A  series  of  tests  are  performed  in  which  plastic  pressure  vessels 
containing  longitudinal  cracks  and  a  set  of  crack  arrestors  are  loaded 
with  internal  pressure.  The  present  program  is  aimed  at  determining 
the  feasibility  of  designing  a  cylindrical  pressure  vessel  to  a  crack 
"arrest"  condition..  An  experimental  procedure  was  initially  adopted 
because  of  the  inherent  difficulties  associated  with  the  sufficiently 
detailed  and  accurate  stress  analysis  necessary  for  a  calculation  of 
the  required  "energy  release  rates".  Although  calculable  energy  release 
rates  are  available  for  simple  configurations  such  as  a  "cracked"  flat 
sheet  under  tension  or  a  cylinder  with  radial  cracks  under  internal 
pressure  or  notched  bend  specimens,  no  such  exact  solutions  are  available 
for  a  "cracked"  cylindrical  pressure  vessel.  The  principal  difficulty 
arises  in  attempting  to  determine  the  stress  state  in  the  neighborhood 
of  the  lip  formed  at  the  crack. 

A  further  difficulty  arises  in  the  case  of  a  ring  reinforced  pressure 
vessel.  Ignoring  for  the  moment  the  aforementioned  "lip"  problem,  any 
attempt  to  utilize  flat  sheet  criteria  in  lieu  of  the  developed  cylinder 
must  recognize  the  significant  discrepancy  which  arises  because  of  the 
departure  in  the  loading  of  the  reinforced  cylinder  from  "uniform  tension 
field*  remote  from  the  crack.  The  uniform  stress  field  case  is  the 
classic  case;  the  finite  width  plate  and  non*uni form  tension  due  to  the 
bulging  in  a  reinforced  pressure  vessel  impose  challenging  problems  to 
the  analyst.  An  experimental  procedure  on  the  other  hand  precludes  the 
difficulties  and  includes  these  effects  in  a  routine  fashion. 

Since  the  elastic  energy  release  rate  is  a  function  only  of  the 
geometry,  loading  and  the  elastic  properties  of  the  specimen,  a  scale 
model  with  known  elastic  properties  may  be  used  to  determine  the  release 
rate.  Use  of  plastic  models,  in  particular,  provides  the  advantage  that 
low  pressures  are  used,  thus  decreasing  the  hazards  associated  with 
pressure  testing;  the  deformations  are  large  and  accurately  measurable 
and  the  models  are  simple  to  machine  and  cost  very  little.  Extension  of 
the  model  results  to  prototype  materials  and/or  aises  may  readily  be 
effected  by  consideration  of  the  pertinent  Buckingham  n  factors,  i.e. 

1  dG 
1  U  dA 


and 


^2  “  P/E 


where  the  terms  on  the  right  side  are  defined  later. 
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Experimental  techniques  for  determination  of  the  elastic  energy  re¬ 
lease  rate  have  been  described  in  detail  by  Lubahn  (6)  for  the  flat  sheet 
Slid  notch  bar  in  bending  aad/or  tension.  These  procedures  require  careful 
load-deformation  measurements.  In  the  present  study,  the  equivalent 
quantities  are  pressure  p  and  volume  V.  The  stored  elastic  energy, 

E  stored,  merely  given  by  the  integral. 

^  stored  =  /  P  dV 

By  determination  of  the  stored  elastic  energy  as  a  function  of  pressure 
and  crack  length,  it  is  possible  to  derive  the  rate  of  release  of  elastic 
strain  energy. 

The  principal  difficulty  in  the  present  problem  is  in  the  measure¬ 
ment  of  the  volumetric  changes  of  the  test  specimen.  Direct  measurements 
of  the  fluid  being  pumped  into  the  test  specimen  leaves  unresolvsd  the 
problems  of  gas  being  trapped  in  the  specimen,  and  compressibility  of  the 
fluid  and  the  actual  volume  measurement.  These  seemed  relatively  insur¬ 
mountable.  By  way  of  contrast  a  relatively  simple  scheme  consists  of 
submerging  the  pressurised  vessel  within  a  filled  second  chamber  and 
causing  the  fluid  in  this  latter  chamber,  which  is  displaced  by  the 
expansion  of  the  test  specimen,  to  rise  into  a  precision  tube  of  suffi¬ 
ciently  small  diameter  to  provide  the  anticipated  accuracy  and  sensitivity. 
Figure  6  shows  this  scheme  in  detail.  This  scheme  eliminates  any  diffi¬ 
culties  associated  with  either  gas  which  is  trapped  in  the  pressure  vessel 
or  with  compressibility  of  the  fluids.  The  fluid  in  the  outer  chamber 
:  (the  volumetric  measuring  chamber)  is  at  atmospheric  pressure. 

B.  The  Materials  and  Models 


Plastic  models  were  made  in  accordance  with  Figure  1  using  both 
Plexiglas  and  Micarta.  The  stress  strain  curves  of  both  materials  are 
shown  in  Figures  2  and  3  respectively.  Non-linear  behavior  was  negligible 
in  either  material  at  the  maximum  working  stresses  used.  (i.e.  approxi¬ 
mately  1500  psi  and  100  psi  pressure)  Creep  though  evident,  was  minor  at 
the  temperature  of  the  test,  i.e.  20°C. ,  but  was  nevertheless  compensated 
for  by  the  load  unload  teat  cycle  used,  (see  Test  Procedure). 

The  test  cylinders  were  plugged  internally  at  both  ends  by  a  set  of 
stainless  steel  caps  and  constrained  on  the  outside  by  a  set  of  stainless 
steel  reatrainers.  In  effect,  the  cylinder  was  provided  very  closely  with 
a  *clamped-clamped*  edge  condition.  "Rigid*^  crack  arrestors  of  stainless 
steel  were  provided.  These  could  be  moved  to  predetermined  positions. 
Figure  4  shows  the  detail  of  the  test  specimen  assembly. 


^"Sigid"  i.«.  relative  to  the  plastic  cylinder.  Steel  arrestors  ware  utilized  initially, 
it  is  intended  later  to  investigate  the  effect  of  arrestor  flexibility  in  optinizing 
the  design  and  to  make  possible  "scaling"^  from  model  to  prototy^ . 
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Final  machining  techniques  involved  the  cutting  of  the  crack  with  .004- 
inch  thick  circular  saws  and  removing  the  radii  at  the  ends  of  kerf  with 
a  .004-inch  thick  straight  saw  blade.  The  cutting  edge  of  this  latter 
bljiide  provided  the  .002-inch  radius  at  the  ends  of  the  cracks. 

Specimens  were  used  repeatedly  with  successively  longer  cracks,  as 
long  as  a  failure  did  not  interrupt  the  sequence  of  tests.  No  effect  of 
the  prior  loading  on  subsequent  test  behavior  was  anticipated,  though 
this  is  being  checked  in  detail. 

C.  The  Teat  Procedure 

After  machining  the  "crack"  to  the  desired  length,  a  seal  was  placed 
in  the  inner  surface  of  the  specimen  against  the  crack  to  prevent  leakage 
in  the  subsequent  pressure  tests.  The  seal  was  effected  by  bonding  a 
piece  of  thin,  flexible,  inner  tube  patching  rubber  over  the  crack  area. 
One  stainless  steel  cap  and  restrainer  was  then  attached  so  that  sealing 
on  the  "0*  ring  occurred,  (see  Figure  4).  The  test  specimen  was  then 
filled  with  the  pressurizing  fluid  in  an  upright  position  to  the  upper 
threads  and  the  upper  stainless  steel  cap  and  restrainer  were  screwed  on 
and  seated  against  the  upper  "0"  ring.  The  excess  fluid  was  permitted  to 
escape  through  either  the  pressure  readout  tap  hole  or  the  pump  inlet. 

It  was  necessary  .to  attach  the  crack  arrestors  prior  to  applying  the 
upper  cap  because  of  clearances.  Final  spacing  of  the  arrestors  was  ac¬ 
complished  after  assembly  by  screwing  the  arrestors  along  the  exterior 
thread  of  the  caps. 

After  complete  assembly  of  the  test  specimen,  as  shown  in  Figure  4, 
the  assembly  was  affixed  to  the  manifold  head  (an  aluminum  cover  plete-- 
see  Figure  5)  and  connected  to  the  pressure  pump.  At  this  stage,  the 
specimen  assembly  was  pressurized  to  3  psi  and,  with  the  pressure  main¬ 
tained,  the  outer  surface  of  the  specimen  over  the  crack  area  was  sealed 
similarly  to  the  inner  surface.  This  was  necessary  to  preclude  the  possi¬ 
bility  of  fluid  being  sucked  into  the  test  specimen  upon  unloading.  After 
this  outer  seal  was  applied,  the  assembly  was  inserted  in  the  volumetric 
measuring  chamber  (the  Plexiglas  housing  of  Figure  6)  and  affixed  to  it 
by  a  series  of  4  tie  rods.  These  tie  rods  permitted  the  cover  and  base 
plate  and  the  Plexiglas  housing  to  be  drawn  together  against  "0"  rings, 
thus  achieving  the  necessary  seal.  The  pressure  gage,  a  volumetric  dis¬ 
placement  measuring  capillary  tube,  and  thermometers  were  then  inserted 
and  the  necessary  plumbing  tightened.  Figure  6  shows  the  entire  test  en¬ 
semble  in  schematic  form  for  the  "Energy  Release  Rate  Determination." 
Figure  7  shows  the  test  ensemble. 

Although  the  entire  test  program  was  conducted  in  a  temperature  and 
humidity  controlled  room,  the  temperature  fluctuations  were  sufficient  to 
warrant  further  refinement  and  it  was  necessary  to  immerse  the  test  en¬ 
semble  in  a  large  vat  of  water.  With  this  setup,  the  temperature  varia- 


tions  during  the  period  of  a  test  were  always  less  than  .0S°C  and  more 
frequently  of  the  order  of  .01°C.  The  temperature  sensitivity  of  the  test 
ensemble  using  Micarta  specimens  was  determined  and  is  shown  in  Figure  8< 

Pressure  was  applied  in  increments  of  2  psi  to  a  maximum  pressure 
dependent  on  the  crack  length.  The  volumetric  changes  were  observed  by  the 
rise  (or  fall)  of  the  fluid  level  in  the  precision  volumetric  capillary 
ftube  and  was  measured  to  the  nearest  milli>meter  using  a  standard  meter 
stick.  The  bore  of  the  measuring  tube  was  specified  by  the  manufacturer  te 
be  .125±  .0002  inches  corresponding  to  a  calibration  of  .00793  cc  per  mm. 

Only  minor  creep  of  the  specimen  occurred  and  volumetric  changes 
observed  by  different  types  of  loading  cycles  led  to  identically  the 
same  results.  TTie  final  procedure  adopted  was  to  record  initial  data, 
apply  a  small  increment  of  pressure,  record  the  pressure,  temperature, 
and  volume  change,  then  unload  rapidly  (to  avoid  the  creep  effects)  to 
aero  presaure  and  again  record  the  basic  data.  TTie  apecimen  was  then 
reloaded  to  the  next  higher  increment  of  pressure  and  this  process  was 
repeated  till  the  ultimate  pressure  was  achieved. 

Pressures  were  measured  by  means  of  a  Control  Engineering  Pressure 
Gage  Type  EP>400  and  an  SR4  Type  N  strain  indicator. 
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IV.  RESULTS  AND  DISCUSSION 


♦ 

% 
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The  limited  data  available  on  Plexiglas  specimen  is  shown  in  Figure 
9<  Here  the  raw,  unmodified  pressure-expansion  data  is  plotted  for  a 
series  of  cylinders  having  crack  lengths  from  0  inches  to  2  inches,  and 
a  crack  arrestor  spacing  of  3  inches.  Figure  10  shows  these  "curves* 
modified  and  shifted  for  low  pressure  errors  such  as  backlash  and  for 
temperature  correction.  Figure  12  shows  a  plot  of  the  slope  of  these 
"curves*  as  a  function  of  the  crack  length.  Figures  11  and  13  show  the 
corresponding  data  for  Micarta  specimens. 

If  the  shape  of  this  slope  curve  can  be  represented  as  a  single 
cosine  curve,  a  rather  trivial  analysis  can  be  carried  out.  This  anslysis 
permits  the  determination  of  the  critical  fracture  toughness  *£,,"  from  the 
results  of  a  aeries  of  model  tests  and  an  observation  of  the  pressure  and 
crack  length  at  which  catastrophic  fracture  takes  place  in  the  actual 
prototype  material.  In  addition  this  analysis  provides  a  basis  for  pre* 
dieting  the  influence  of  the  ring  stiffener  on  crack  arrest.  Schematic 
details  of  this  procedure  are  given  in  the  Appendix.  This  procedure  is 
not  restricted  obviously  to  the  use  of  the  idealised  slope  curve  demon¬ 
strated.  In  any  real  case  the  actual  curve  may  be  used  and  the  procedure 
indicated  in  the  Appendix  will  be  valid. 

Figure  14  shows  an  actual  test  cylinder  of  Plexiglas  which  contained 
an  initial  crack  of  approximately  1/2  inch  and  had  arrestors  at  3  inch  spacing. 
It  will  be  noted  that  the  crack  propagated  to  the  crack  arrestors.  It 
will  be  further  noted  that  the  cracks  turned  90°  at  the  arrestor  position. 
This  shift  in  direction  of  the  crack  is  considered  to  be  attributable  to 
the  high  bending  moments  at  this  section  due  to  the  arrestor  constraints. 
An  additional  specimen  which  had  only  the  arrest  action  of  the  end  clamps 
permitted  the  crack  to  propagate  closer  to  the  cylinder  ends  where  the 
crack  again  turned  some  90°.  This  is  shown  in  Figure  15.  Ihe  turning  of 
the  crack  in  this  case  is  again  associated  with  the  regions  of  maximum 
bending  stresses, ^ 

These  latter  specimens  certainly  demonstrate  the  feasibility  of 
achieving  crack  arrest  by  design.  The  prediction  of  crack  arrest  can  be 
carried  out  using  the  procedure  schematically  outlined  in  Figures  A1 
through  A7  of  the  Appendix. 

The  experimental  techniques  described,  though  requiring  some  further 
refinement,  appear  entirely  suitable  for  the  determination  of  the  energy 
release  rates  of  pressure  vessels.  The  use  of  plastic  models  entails 
considerable  advantage  over  tests  using  prototype  materials  for  the  energy 
release  rate  measurements. 


saxlsua  bending  noment  occurs  at  the  clamped  edge  tut  due  to  a  filleted  tkickneaa 
variation  in  thia  region,  the  naxiaoa  atreaaes  occur  further  inbMrd.  the  vorioncs  in 
the  location  of  the  turn  at  either  end  of  the  crack  may  be  associated  wits  tks  ratMr 
slow  variation  in  the  maximum  stresses  in  tkis  general  region. 
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The  procedure  furthermore  provides  a  basis  for,  and  tends  to  sub¬ 
stantiate  this  basis  for,  determining  the  arrested  length  of  the  crack. 
The  problem  of  whether  a  crack,  arrested  or  not,  can  be  tolerated  must 
be  answered  on  an  individual  case  basis. 

V.  CONCLUSION  AND  RECOMMENDATION  FOR  FURTHER  RESEARCH 

On  the  basis  of  the  work  described  in  this  report,  it  is  concluded 

that; 

1.  It  is  entirely  feasible  to  effect  crack  arrest  in  pressure  ves* 
sels  by  appropriate  design  innovation. 

2.  It  is  feasible  to  utilize  plastic  models  of  complex  structural 
configurations  to  obtain  the  energy  release  rates  associated  with 
"cracks*,  and  that  specifically  in  the  case  of  pressure  vessels  suffi¬ 
cient  precision  is  possible  in  the  volume  measurement  by  the  technique 
described. 


3.  Crack  arrest  can  be  predicted  in  complex  configurations  by  use 
of  plastic  model  results  and  a  single  test  on  prototype  material. 

It  is  recommended  that  further  work  be  carried  on  aimed  at  the 
following  areas  of  interest: 

a.  The  influence  of  the  kinetic  energy  term  in  the  arrest  criteria. 

b.  The  analyses  of  the  flat  sheet  under  biaxial  non-uniform  tension 
(to  take  into  account  actual  distribution  in  ring  reinforced  cylinders). 

c.  The  determination  of  under  axial  as  against  biaxial  loading 

(£  ia  not  expected  to  be  effected  -  but  is). 

c 

d.  The  analysis  of  the  "lip"  problem  for  pressure  vessels. 

e.  Optimization  of  ring-cylinder  design  for  maximum  strength  con¬ 
sistent  with  an  arrested  crack. 
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STRESS -STRAIN  CURVE  FOR  MICARTA  6M6 
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FIGURE  4 
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FIGURE  5 
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figure  6 
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FIGURE  8 


TEMPERATURE  CORRECTION  FOR  MICARTA  TYPE  6M6 


FIGURE  II 


CORRECTED  TEST  DATA~MICARTA  SPECIMENS 


FIGURE  13 


SLOPE  OF  PRESSURE— EXPANSION  CURVES  VS.  CRACK  LENGTH 

MiCARTA  SPECIMENS 
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FIGURE  14 


TEST  SPECIMEN  SNOWINC  CRACK  ARREST  AND  TURN  3>INCH  ARRESTER  SPACIN6 
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FIGURE  16 


APPENDIX 


SEMI -EMPIRICAL  DETERMINATION  OF  THE  ELASTIC  ENERGY  RELEASE  RATE, 

The  experimental  data  (see  Figure  12  suggests  the  following  approximate 
analytical  expression  for  the  slope  m  of  the  pressure-expansion  curves 


ffl  -  k  4  A 


1 


(•) 


where  k  and  A  are  as  indicated  in  Figure.  A2t  2't  is  the  crack  length  and  S 
is  the  arrestor  spacing.  The  slope  "m*  is  defined  by  the  relation 


p  -  m  (V  -  V^)  .  m  AV 


(b) 


The  elastic  energy  stored  in  a  specimen^  under  pressure  ia  given  by 


E 


stored 


dV 


(c) 


and  by  substituting  Equation  (a)  and  Equation  (b)  into  this*  one  obtains 

.  [t  ♦  A  {  1  ♦ 


Stored 


For  a  sero  crack  length 


”  Stored  Li  2  J 


(•) 


The  energy  released,  G,  in  propagating  from  a  sero  crack  length  to  a 
crack  length  2‘i/S  ia  then  given  by  the  difference  of  Equation  (d)  and  (e). 
i.e. 


®  stored  ■  ® 


G  -±|l-co. (f) 

should  be  cautioned,  of  coura#,  that  the  energy  values  obtained  in  the  piM tie  models 
Bust  not  be  applied  directly  to  the  prototype  ■oithout  due  retard  for  the  pertinent  seals 
factors  as  discussed  under  Fart  III,  Section  i. 


The  rate  of  energy  release  with  respect  to  crack  area,  dG/dA,  may  be 
determined  directly  from  Equation  (f) 

dG  dG  1  dG  ttAAV^  2'rT'i 

—  ai  - - —  «  —  — —  ■ - sin - 

dA  d(2'Et)  2t  d^  2tS  S 


or  using  the  more  common  notation  for  dG/dA  we  have 

dG 


Qt  *= 


dA  2tS 


^Av2 

s 


Here  t  is  the  sheet  thickness. 


(g) 


The  critical  value  of  2,  namely  can  now  be  determined  by  observing 

in  a  specimen  of  the  prototype  material  the  pressure  and  crack  length  at 
which  rapid  propagation  occurs.  Noting,  for  example,  that  from  Equation  (b) 
we  have  AV  ■  p/m  and  substituting  this  into  Equation  (g)  and  using  the 
observed  critical  values  of  p  and  2't  at  instability,  we  get  for 


a  .J± 

*=  2tS 


cr 


k  +  A  < 1  +  cos  27r4„ 


27r'C, 


cr 


(h) 


For  small  crack  lengths,  i.e.  2't/S  «  1  this  reduces  to 

o  Att^  „ 

"  ^k  +  2A]  2s2  Per  '‘^cr  . 


(i) 


Hence,  by  the  judicious  use  of  models  and  appropriate  application  of 
the  7T  factors  and  a  single  prototype  test,  the  energy  release  and  the 
critical  energy  release  rate  (or  fracture  toughness)  can  be  determined  for 
a  given  material. 

In  addition,  it  is  possible  to  anticipate  the  crack  length  at  which 
arrest  takes  place  based  on  the  foregoing  results.  The  elastic  release 
rate  iS  is  (Equation  (h). 


a  . 


ttA 

2tS 


+  A  1^1  +  cos  2'TT't  ^ 


The  critical  release  rate  is  (Equation  (h). 

Pr 


2  .  2ttI 

sin  “““ 
S 


ttA 

Its" 


cr 


.  A|l  t 


2TT'i^ 


2W't, 


sin 


£1. 
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Equating  these,  we  obtain 


k  +  A  n 


COS 


¥} 


2  l-ni  g 

sin  -  >•  H-  ■  constant 

S 


Solution  of  this  equation  then  provides  the  "arrested  crack  length. 


The  procedure  demonstrated  in  this  Appendix  stems  from  an  idealization 
as  a  cosine  curve,  of  the  slope  curve  of  the  p-V  relations  for  "cracked" 
cylinders.  Though  the  idealization  may  not  be  valid,  the  basic  scheme  used 
should  be  applicable  to  any  slope  curve  having  an  inflection  point.  Figures 
A1  through  A7  demonstrate  schematically,  step  by  step,  the  application  as 
it  might  apply  to  any  pressure  vessel  and  do  not  require  further  elaboration 
except  as  follows:  Figure  A2  indicates  an  anti -symmetric  configuration 
such  as  a  cosine  curve  but  this  is  only  for  the  purpose  of  definition  of 
the  terms  used  in  the  text  of  this  Appendix.  Figure  A1  is  the  "corrected" 
plot  of  the  original  pressure  expansion  data;  Figure  A2  shows  the  slopes 
of  these  curves;  Figures  A3  and  A4  are  the  areas  under  the  curves  of 
Figure  Al  for  fixed  AV  or  p  respectively;  Figure  AS  is  obtained  as  a  curve 
plot  of  Figure  A3  at  the  specific  change  in  volume  AVo;  Figure  A6  ia  ob¬ 
tained  directly  from  Figure  AS  and  finally.  Figure  A7  ia  merely  the  firat 
derivative  curve  of  Figure  A6. 
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CHAHQE  IN  VOLUHE  > 


PRESSURE  EXPANSION  CURVES  -  SCHEMATIC 
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FIGURE  A I 


CHANGE  IN  VOLUHE  -  M 


INCREASING 


STORED  EUSTIC  ENERGY  VERSUS  VOLUHE  CHANGE 

AN  222JI 
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FIGURE  A3 
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PRESSURE  -  p 
INCREASING  — 


STORED  ELASTIC  ENERGY  VERSUS  PRESSURE 


AM  2225 
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FIGURE  AM 
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CRACK  LENSTH  -  - 
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STORED  ELASTIC  ENERGY  VERSUS  CRACK  LENOTH  FOR 
SPECIFIC  CHANGE  IN  VOLUME  - 

AN  2226 
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FIGURE  A6 


CRACK  LEMOTH  - 
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RELEASED  ELASTIC  ENERGY  VERSUS  CRACK  LENGTH  FOR 
SPECIFIC  CHANGE  IN  VOLUME  -  ^V^ 

AM  2227 
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FIGURE  A6 


ELASTIC  ENERGY  RELEASE  RATE 


RATE  OF  RELEASE  OF  EUSTIC  ENERGY  VERSUS  CRACK 
LENGTH  FOR  SPECIFIC  CHANGE  IN  VOLUME  •  AV^ 


AN  2228 
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FIGURE  A7 


SLOW  CRACK  EXTENSION  IN  HIGH  STRENGTH  STEELS 

by  H.  T.  Corten 
University  of  Illinois 


Introduction.  Quality  pressure  vessels  made  of  high  strength  steel  for 
use  as  solid  propellent  missile  motor  cases  are  desired  which  exhibit 
100  per  cent  reliability.  Hydrotesting,  that  is,  several  cycles  of  pres¬ 
surization  with  water  to  peak  firing  pressure,  is  used  as  a  means  of  in¬ 
suring  reliability  in  the  finished  motor  case.  Experience  with  hydro¬ 
testing  shows,  however,  that  while  the  first  cycle  of  hydrotesting  singles 
out  many  defective  motor  cases,  each  subsequent  cycle  of  hydrotest  also 
causes  failure  of  a  small  percentage  of  motor  cases.  I^his  evidence 
strongly  suggests  that  something  less  than  100  per  cent  reliability  has 
been  insured  for  the  firing  cycle  by  previous  cycles  of  hydrotesting. 

Failure  of  motor  cases  during  hydrotesting  occurs  by  rapid 
fracture.  The  fracture  origin  can  frequently  be  traced  to  a  small  flaw 
or  crack  in  the  vessel.  Analysis  employing  fracture  mechanics  (1)* 
offers  a  means  of  estimating  the  maximum  allowable  crack  size  in  order 
to  avoid  rapid  fracture.  However,  it  is  observed  that  small  cracks 
which  are  subcritical  in  size  before  hydrotesting,  grow  by  slow  exten¬ 
sion  and  may  reach  critical  size  as  a  result  of  one  or  more  cycles  of 
hydrotest.  Thus,  to  estimate  the  size  of  the  maximum  allowable  crack 
for  purposes  of  inspection,  it  is  necessary  to  reduce  the  critical  crack 
size  as  estimated  from  fracture  mechanics,  by  the  amount  of  slow 
crack  growth  that  the  crack  experiences  in  all  cycles  of  hydrotest. 

Purpose.  This  investigation  was  undertaken  to  study  slow  crack  exten¬ 
sion  which  precedes  rapid  fracture.  The  immediate  goals  were  to  pro¬ 
vide  a  means  of  estimating  slow  crack  extension  and  to  recommend  an 
optimum  hydrotest  procedure.  These  problems  were  approaches  by  ex¬ 
ploring  and  isolating  the  important  parameters  governing  slow  crack 
growth. 

Approach  to  Problem.  Fracutre  mechanics  stress  analysis  of  the  region 
around  the  tip  of  a  crack  was  employed.  The  stress  intensity  factor,  K, 
is  a  one  parameter  description  or  measure  of  the  elevation  of  the  stress 
field  around  the  crack  tip.  For  a  large  thin  plate  loaded  in  axial  tension 
and  containing  a  small  crack  as  shown  in  1,  K  is  given  by 


K  =  aYH" 


iU 


where  a  is  the  gross  section  stress  away  from  the  crack  and  a  is  one- 
half  of  the  crack  length.  For  elastic  behavior,  the  stress  in  Ihe  y  di¬ 
rection  at  any  point  along  the  x  axis,  is  given  by 


(T 


y 


(2) 


♦  Numbers  in  parentheses  refer  to  list  of  references. 
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where  r  is  equal  to  the  x  coordinate  of  the  point. 


The  stress  field  represented  by  the  stress  components  a  ,  a  , 

X  y 

and  T  at  any  point  near  the  crack  tip,  may  be  represented  in  terms  of 
xy 

K  and  the  coordinates  of  the  point. 


As  a  basis  for  studying  slow  crack  extension,  the  following  hy¬ 
pothesis  was  employed:  at  two  different  stages  of  slow  crack  extension 
in  a  given  plate,  the  same  amount  of  alow  crack  extension  per  cycle 
should  occur  if  the  plate  was  loaded  to  produce  the  same  value  of  K.  (2) 
This  hypothesis  assumes  that  inra  particular  material,  the  rate  of  slow 
crack  extension  is  a  function  only  of  the  stress  field  elevation  around 
the  tip  of  the  crack.  That  is 

=  f(K)  (3) 

dN 


For  different  materials,  it  is  expected  that  the  resistance  offered  by 
the  material  to  slow  crack  extension  will  be  different.  Thus  an  exten¬ 
sion  by  Eq.  (3)  to  include  some  measure  of  the  resistance  of  the  mater 
ial  to  slow  crack  extension  is  required.  For  the  present  problem,  a 
convenient  material  property  is  K  ,  the  stress  intensity  factor  associ¬ 
ated  with  rapid  fracture.  Thus,  K  will  be  introduced  into  Eq.  (3)  to 
give 


*  f(K,  K  )  (4) 

dN  ^ 

Equation  (4)  suggests  a  basis  for  an  experiment  to  determine  the 
significant  parameters  governing  slow  crack  extension. 

Experimental  Program.  A  modified  SAE  4335  steel,  desi^ated  M-255 
with  a  chemical  composition  as  shown  in.  Table  I,  was  used  in  this  inves¬ 
tigation.  Unwelded  sheets,  0.188-in.  thick,  were  cut  to  standard  3 -in. 
by  12-in.  central  notched  tensile  specimens.  Slots  about  1/8-in.  by 
7/8-in.  were  machined  in  the  specimens  and  the  regions  around  the 
slots  were  surface  ground  to  permit  accurate  visual  observation  of  the 
crack  length.  The  specimens  were  austenitized  at  1650°F  in  a  neutral 
atmosphere  and  oil  quenched.  Four  series  of  thirteen  specimens  each 
designated  L,  were  cut  parallel  to  the  direction  of  rolling  and  three 
series  of  specimens  designated  T,  were  cut  perpendicular  to  the  rolling 
direction.  The  tempering  temperatures  and  the  resulting  mechanical 
properties  are  given  in  Table  II.  After  heat  treatment,  the  specimens 
were  subjected  to  completely  reversed  cycles  of  repeated  bending  stress 
in  a  Krouse  plate  fatigue  machine  to  Induce  sharp  fatigue  cracks  at  the 
corners  of  the  slot  to  act  as  crack  starters.  The  fatigue  cracks  are 
clearly  visible  on  the  fracture  surface  as  shown  in  Fig.  2 

Fracture  appearance  indicated  that  both  a  flat  fracture  and  45° 
shear  lip  were  present  as  illustrated  in  Fig.  2.  Ink  staining  indicated 
that  the  flat  crack  was  always  longer  than  the  surface  crack.  A  series 


IV-U6 


of  specimens  for  each  heat  treatment  were  ink  stained  and/or  heat 
tinted  at  various  stages  of  crack  extension  to  obtain  the  relation  between 
the  internal  flat  crack  length  and  the  surface  crack  length.  The  results 
for  the  T4  series  of  specimens  are  shown  in  Fig.  3.  The  "adjusted 
crack  length"  was  computed  by  dividing  the  area  of  the  actual  crack  by 
the  thickness  of  the  specimen.  The  "adjusted  crack  length"  was  employed 
to  compute  values  of  K.  For  each  of  several  series  of  specimens  it  was 
found  that  the  "adjusted  crack  lengths"  could  be  represented  as  a  con¬ 
stant  proportion  of  the  surface  crack  lengths,  as  shown  in  Fig.  4. 

Using  the  "adjusted  crack  length"  and  the  stress  analysis  for  a 
finite  width  specimen,  including  the  plastic  zpne  correction  factor  (1), 
experiments  were  conducted  in  which  K  was  adjusted  to  a  constant  value 
at  the  beginning  of  each  cycle  of  load.  This  was  done  by  using  the  ad¬ 
justed  crack  length  at  the  end  of  the  previous  cycle,  and  solving  Eq.  (5) 

(1)  for  a. 

2 

W  tan  )  (5) 

W  2W  „ 
ys 

The  load  was  maintained  constant  during  each  cycle  and  was  held  for  a 
3  minute  interval. 

Experimental  Results.  Typical  data  from  one  experiment  is  shown  in 
Fig.  5  for  specimen  T4  R4.  The  important  quantities,  the  gross-section 
stress  a,  the  value  of  K  at  the  beginning  and  end  of  each  cycle,  and  the 
surface  crack  length  are  shown  for  each  cycle  of  load  through  15  cycles. 
Note  that  the  desired  value  of  K  was  not  reached  until  the  fourth  cycle. 

A  progressively  increasing  value  of  K  was  employed  on  cycles  1,  2,  and 
3  in  an  attempt  to  control  the  initial  crack  growth  and  the  value  of  K  that 
developed  at  the  end  of  each  cycle.  Note  that  on  cycle  4,  the  final  value 
of  K  is  the  highest  value  attained  because  of  the  extensive  slow  crack 
growth  on  cycle  4.  Large  crack  growth  during  the  first  several  cycles 
is  associated  with  the  development  of  shear  lips.  Starting  from  the  fa- 
fatigue  cracks,  flat  fracture  commences  during  loading  at  approximately 
75  per  cent  of  the  maximum  load  on  cycle  1,  and  produces  a  crack  in 
which  the  flat  region  is  longer  than  the  surface  crack.  The  major  resis¬ 
tance  to  slow  crack  growth  appears  to  be  caused  by  the  shear  lips. 

Until  the  shear  lips  reach  a  characteristic  size,  full  resistance  to  slow 
crack  growth  is  not  developed  and  thus  the  first  few  cycles  of  load  cause 
rather  large  amounts  of  slow  crack  growth. 

Starting  with  cycle  4  in  Fig.  5,  the  shear  lip  is  well  developed 
and  slow  crack  growth  on  each  subsequent  cycle  is  approximately  cons¬ 
tant  for  the  remaining  cycles.  Thus,  in  accordance  with  the  original 
hypothesis,  the  rate  of  crack  growth  caused  by  a  constant  value  of  K  is 
approximately  constant  with  cycles  of  load  after  the  shear  lips  are 
developed. * 

*  There  is  some  indication  that  the  shear  lips  gradually  increase  in 
size  as  the  crack  grows  and  the  rate  of  crack  growth  gradually 
decreases. 
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Crack  growth  data  for  similar  experiments  using  different  values 
of  K  are  shown  in  Fig.  6.  The  solid  points  indicate  the  cycle  when  the 
desired  value  of  K  was  reached.  While  some  variability  in  rate  of 
crack  growth  is  present,  it  is  possible  to  assign  an  average  rate  of 
crack  extension  to  each  curve,  that  is,  to  each  value  of  K. 

In  Fig.  7  the  rate  of  crack  extension  per  cycle,^.  (2a)/6  N  is 
shown  as  a  function  of  K.  While  the  scatter  is  considerable,  it  is  evi¬ 
dent  that  the  rate  of  slow  crack  extension  increases  with  the  applied 
value  of  K  for  each  of  the  three  groups  of  data.  Within  each  group  the 
yield  strength  and  fracture  toughness  are  similar.  From  Fig.  7,  it  is 
obvious  that  to  produce  the  same  rate  of  slow  crack  growth  in  each  group 
of  specimens,  K  increases  as  the  value  of  increases. 

From  data  of  the  type  shown  in' Figs.  5  and  6,  it  is  clear  that  the 
rate  of  slow  crack  extension  is  a  function  of  K,  the  stress  intensity  fac¬ 
tor.  In  addition,  the  change  in  mode  of  fracture,  starting  from  a  flat 
fracture  and  proceeding  to  the  development  of  shear  Ups,  produces  a 
large  influence  on  the  rate  of  crack  extension.  This  change  in  resist¬ 
ance  to  slow  crack  extension  was  not  initially  included  in  Eqs.  (3)  and 
(4)  but  obviously  must  be  introduced. 

Because  ink  staining  was  employed  to  study  crack  shape  at  vari¬ 
ous  stages  of  crack  extension,  direct  determination  of  K  using  ink 

stain  to  indicate  the  crack  length  at  instability,  was  not  possible.  Indi¬ 
rect  determination  of  K  ,  namely,  K  ,  (1)  employing  the  per  cent 

C  Cg 

shear,  is  being  made.  However,  these  data  are  incompletely  analyzed. 

The  Mechanism  of  Slow  Crack  Extension,  Since  both  cycling  and  time 
at  maximum  load  form  part  of  the  hydrotest  specifications,  it  appears 
important  to  separate  the  effects  of  these  two  variables.  A  series  of 
experiments  were  performed  in  which  K  values  identical  to  those  used 
in  the  cycling  experiments  were  used  except  that  the  specimens  were 
not  cycled.  The  specimens  were  loaded  to  the  appropriate  value  of  K 
and  held  for  3  minutes.  At  the  end  of  the  first,  and  each  subsequent  3 
minute  interval,  the  load  was  adjusted,  if  necessary,  to  maintain  K  at 
the  appropriate  constant  value.  The  results  of  a  cycling  and  non-cycl¬ 
ing  series  of  experiments  are  compared  in  Figs.  8a  and  8b,  respectively. 
In  Fig.  8b,  the  number  of  3  minute  intervals  are  directly  comparable 
with  the  number  of  cycles  in  Fig.  8a.  It  is  clear  that  cycling  is  neces¬ 
sary  to  produce  continued  slow  crack  extension. 

To  further  investigate  the  influence  of  load  cycling,  a  series  of 
experiments  were  performed  in  which  the  load  was  reduced  to  a  lower 
value,  one -fourth  or  one -half  of  maximum  load,  and  then  increased  to 
maximum  load  again.  The  results  of  these  experiments  are  shown  in 
Fig.  9.  From  these  data  it  is  evident  that  slow  crack  extension  is  a 
function  of  the  amplitude  of  K  as  well  as  the  maximum  value  of  K. 

During  loading  the  stress  at  the  tip  of  the  crack,  as  given  by  Eq. 
(2)  exceeds  the  tensile  yield  strength  of  the  material  and  a  small  zone 
of  plastic  deformation  in  formed.  The  residual  streaaea  that  result 
from  unloading  can  be  simply  determined  by  noting  that  unloading  is 
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equivalent  to  superimposing  a  compressive  load  on  the  tensile  load,  and 
superimposing  the  stress  distribution  caused  by  the  compressive  load 
upon  tliat  caused  by  the  tensile  load.  The  resulting  residual  stress  dis¬ 
tribution  is  shown  schematically  in  Fig.  10.  Upon  unloading,  the  resid¬ 
ual  stresses  near  the  tip  of  the  crack  reach  the  compressive  yield 
strength  of  the  material,  and  again  cause  plastic  deformation.  Upon  re¬ 
loading  in  tension,  yielding  again  occurs  at  the  tip  of  the  crack,  this 
time  in  tension.  Thus,  each  cycle  of  loading  and  unloading  causes  cyclic 
plastic  strain  at  the  tip  of  the  crack.  In  the  experiments  reported  in 
Fig.  9,  the  plastic  strain  that  occurred  upon  unloading  and  reloading  was 
controlled  by  the  extent  of  unloading.  Less  cyclic  plastic  strain  occurred 
when  the  load  was  reduced  to  one-half  the  maximum  load  than  when  the 
load  was  reduced  to  zero.  These  experiments  constitute  very  low  cycle 
fatigue  experiments.  Each  cycle  of  load  causes  damage  at  the  tip  of  the 
cracks  and  slow  extension  of  the  cracks  toward  critical  size. 


With  regard  to  hydrotest,  it  must  be  expected  that  the  present 
procedure,  that  is  1  to  5  cycles  of  pressurization,  each  to  peak  firing 
pressure,  does  not  insure  100  per  cent  reliability  of  motor  cases,  and 
that  a  small  percentage  of  vessels  will  fracture  on  the  next  cycle,  either 
pressurization  or  firing,  as  a  result  of  slow  crack  growth.  This  con¬ 
clusion  has  been  suspected  for  some  time,  however  the  evidence  herein 
reported  established  the  fact. 


Prediction  of  Slow  Crack  Extension.  An  expression  for  the  amount  of 
slow  crack  extension  per  cycle  of  load  has  been  developed  based  on  the 
following  three  concepts;  (a)  in  low  cycle  fatigue  the  relation  between 
the  fatigue  life  N  and  the  plastic  strain  per  cycle  is  given  by 

ACp  2Cf  (6) 


where  is  the  increment  of  plastic  strain  per  cycle,  N  is  the  number 
of  cycles  to  fracture,  and  is  the  true  fracture  strain  in  a  static  ten¬ 


sion  test,  (b)  the  fact  that  the  plastic  strain  is  approximately  equal  to 
the  computed  elastic  strain  in  the  region  near  the  tip  of  the  crack,  and 
(c)  the  amount  of  shear  lip  which  provides  resistance  to  slow  crack  ex¬ 
tension,  increases  rapidly  in  the  early  stages  of  crack  growth.  The  re¬ 
sulting  empirical  expression  contains  a  number  of  approximations  and 
one  undetermined  constant  which  must  be  evaluated  from  slow  crack 
growth  data.  At  this  stage  of  the  development  it  appears  unwise  to  do 
more  than  report  that  effects  are  being  made  in  this  direction. 


Because  the  problem  of  rapid  fracture  requires  an  immediate  an¬ 
swer,  the  following  approach  to  the  hydrotest  procedure  is  recommended 
(3). 


A  Hydrotest  Procedure  to  Insure  Reliability.  As  noted  previously,  cur¬ 
rent  hydrotest  procedures  consist  of  from  1  to  5  cycles  of  pressurization, 
each  to  peak  firing  pressure.  Because  this  is  really  a  very  low  cycle 
fatigue  test,  each  hydrotest  cycle  causes  damage  and  slow  crack  exten¬ 
sion  of  any  small  cracks  that  may  be  present.  It  must  be  expected  that 
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upon  each  subsequent  cycle  of  pressurization  to  the  same  peak  pressure, 
the  probability  is  finite  that  some  vessels  contain  cracks  which  will 
reach  critical  crack  size  and  cause  rapid  fracture. 

Consider  a  motor  case  containing  a  distribution  of  crack  sizes  as 
shown  schematically  in  Fig.  11.  It  is  assumed  that  the  number  of  large 
cracks  is  small  and  the  number  of  smaller  cracks  increases  as  the  size 
decreases.  The  critical  crack  size  for  the  pressure  involved  is  indi^; 
cated  by  (2a)^.  The  first  cycle  of  hydrotest  causes  the  existing  cracks 

to  grow  to  lengths  indicated  by  the  dashed  line  distribution.  If  the  long¬ 
est  crack  represented  by  the  dashed  line  does  not  reach  the  critical  size, 
the  vessel  will  not  fail  on  cycle  1.  Since  crack  growth  on  cycle  1  may 
be  expected  to  be  the  largest,  cycle  2  may  also  be  safe  as  indicated  by 
the  dash-dot  line.  However,  on  the  third  cycle  in  this  illustration, 
the  longest  crack  would  reach  the  critical  size,  causing  rapid  fracture, 
Three  factors,  the  relative  position  of  the  initial  crack  size  distribution, 
the  critical  crack  size  (2a)^,  and  the  rate  of  slow  crack  growth,  deter¬ 
mine  when  rapid  fracture  occurs.  Obviously  the  curve  for  the  initial 
crack  size  distribution  can  be  moved  to  the  left  by  improved  fabrication 
techniques,  and  particularly  by  careful  nondestructive  inspection.  These 
procedures  should  increase  percentage  bf  usable  motor  cases.  Also  an 
increase  of  moves  the  value  of  (2a)^  to  the  right,  if  other  factors  re¬ 
main  constant.  Each  of  these  factors  may  be  viewed  as  contributing 
to  increased  reliability  of  motor  cases.  However,  to  insure  100  per 
cent  reliability,  hydrotesting  was  introduced.  The  fact  that  the  current 
hydrotest  does  not  accomplish  this  purpose  means  that  the  test  proce¬ 
dure  must  be  modified. 

A  hydrotest  procedure  that  will  insure  optimum  reliability  con¬ 
sists  of  one  cycle  of  pressurization  to  a  pressure  that  exceeds  the  firing 
pressure  by  a  small  percentage,  possibly  110  per  cent.  The  basis  for 
this  recommendation  is  as  follows:  Consider  a  motor  case  in  which  the 
maximum  stress  in  the  wall  during  the  firing  cycle  is  a.  The  initial 
length  of  the  largest  crack  will  be  denoted  by  (2a)^.  The  hydrotest  cycle 

will  involve  a  higher  stress,  a  o,  where  a  is  the  ratio  of  the  hydrotest 
pressure  to  the  firing  pressure.  During  hydrotest  the  longest  cracks 

will  grow  from  (2a).  to  (2a)..  If  the  vessel  does  not  fail,  it  is  then 

J 

known  that  (2a)j  is  less  than  (2a)^,  the  critical  crack  length.  Thus,  as 

the  limiting  condition,  (2a).  ^(2a)  .  Similarly,  it  is  known  that  the  value 

J 

of..K  during  hydrotest  was  lefis  than  K^.  In  the  limiting  condition,  K, 
during  hydrotest  was 

K  =  aa  )ir  a7  (7) 

During  the  firing  cycle,  the  stress  will  be  a  and  the  longest  initial 
crack  length  will  be  (2a)..  Thus, during  the  firing  cycle  the  initial  value 
of  K  will  be  ^ 


> 

4 


K  =  a 


(8) 
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This  is  less  than  the  minimum  possible  value  of  given  by  Eq.  (7).  To 

approach  the  minimum  value  of  K  ,  the  longest  crack  must  grow  by  slow 

2  ^ 

extension  from  (2a).  to  (a  2a.)  during  the  firing  cycle.  In  effect,  the 

J  J  2 

minimum  critical  crack  length  is  increased  to  a  2a.  on  the  firing  cycle 

J 

when  it  is  known  from  hydrotest  that  the  longest  crack  present  did  not 
initially  exceed  (2a)..  Thus,  by  making  the  value  of  a  greater  than  1. 0, 

it  is  possible  to  adequately  allow  for  slow  crack  growth  with  certainty 
that  the  vessel  will  not  fracture. 


At  the  beginning  of  the  hydrotest  cycle,  the  longest  crack  is  (2a). 

J 

and  the  value  of  K  is  given  by  Eq.  (8).  At  the  stress  a,  the  crack  of 

length  (2a).  may  safely  increase  by  slow  growth,  Aa.  to  the  value  of  K, 

_ J  J 

given  by  Eq.  (7).  Throughout  this  period  of  slow  crack  growth,  the 
motor  case  is  safe.  The  increasing  value  of  K  is  given  by 

K  =  <T  yx(a.  +  Aa.)^  (9) 

J  J 


Setting  K  in  Eq.  (9)  equal 

safe  relation  between  a  and  Aa., 

J 


to  K  in  Eq.  (7),  establishes  a  limiting 
and  gives 


2 

a 


a. 

0 


+  Aa 


3 


(10) 


Solving  for  Aa./a. 

3  3 


gives 


(11) 


The  quantity 


Aa . 
3 


in  Eq.  (10)  and  (11)  is  the  amount  of  slow  crack  exten¬ 


sion  that  will  cause  the  value  of  K,  during  the  firing  cycle,  to  be  equal 
to  the  value  of  K  reached  during  the  hydrotest  cycle.  If  slow  crack  ex¬ 
tension  in  the  motor  case  is  smaller  than  Aa.,  given  by  Eq.  (11),  then 

3 


the  value  of  K  during  the  firing  cycle  remains  less  than  K  during  the 
hydrotest  cycle  and  100  per  cent  reliability  may  be  expected. 


An  appropriate  value  of  a,  for  use  in  hydrotest,  requires  know¬ 
ledge  of  the  rate  of  slow  crack  growth.  From  experiments  of  the  type 
reported  in  Fig.  5,  information  on  slow  crack  growth  for  various  values 
of  a  may  be  obtained.  For  example,  the  stress  on  the  fourth  cycle  in 
Fig.  5  is  63,  800  psi  and  the  stress  was  reduced  to  61,  100  psi  on  the 
fifth  cycle  in  order  to  maintain  K  constant.  Crack  extension  on  the  fifth 
cycle  was  0.02 -in.  A  value  of  or  was  computed  as  the  ratio  of  the  stress 
on  the  fourth  cycle  to  the  stress  on  the  fifty  cycle,  or  a  =  1.  045.  Simi¬ 
lar  data  from  a  number  of  specimens  are  shown  in  Fig.  12.  For  values 
of  a  from  1.0  to  1.05,  considerable  slow  crack  growth  occurred  in,  at 
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least  a  few  specimens.  However,  for  all  values  of  a  above  1. 05,  the 
maximum  slow  crack  extension  indicated  by  the  ratio  6  (2a)/2a,  was  less 
than  ,  04  on  the  cycle  following  the  high  stress. 

For  comparison,  Eq.  (11)  is  also  plotted  in  Fig.  12.  For  values 
of  a  of  about  1. 04  and  larger,  the  slow  crack  extension  data  are  all  well 
below  the  limiting  value  of  Aa/a  given  by  Eq.  (11). 

Obviously,  the  number  of  hydrotest  failures  will  increase  as  a 
is  increased,  and  the  minimum  value  of  a  that  will  insure  100  per  cent 
reliability  upon  firing  must  be  determined.  From  the  data  in  Fig.  12,  it 
appears  that  cr  =  1.  10  should  provide  100  per  cent  reliability  and  that  a 
smaller  value  of  a  may  be  adequate  when  additional  data  are  available. 

It  should  be  remembered  that  all  of  the  data  shown  in  Fig.  12  are 
for  unwelded  specimens  of  M-255  steel.  Experiments  on  other  materials 
and  on  welded  specimens  are  necessary  to  further  evaluate  the  required^ 
magnitude  of  a. 

Concludihg  Rerriarks.  Many  phases  of  this  work  are  incomplete  and 
work  is  currently  underway  to  fill  these  gaps.  It  appears  appropriate  to 
mention  several  important  aspects. 

In  specifying  a  steel  for  use  in  motor  cases,  the  concept  of  a  min¬ 
imum  fracture  toughness,  K^,  has  been  introduced  based  on  rapid  frac¬ 
ture.  Because  of  the  importance  of  alow  crack-growihi;  Professor;. 
Carpenter  of  Swarthmore  College  (4)  has  suggested  that  a  more  realistic 
value  for  design  should  be  based  on  slow  crack  growth.  He  has  intr,p- 
duced  the  term  "Sub-Critical  Crack  Driving  Force, -  K~) 

^  SC 

which  defines  a  value  of/<^,  less  than.^^^,  which  produces  insufficient 

slow  crack  growth  to  cause  rapid  fracture  within  three  cycles  of  load. 

The  ToXio ^ ^  is  under  investigation  as  a  design  criterion,  how¬ 
ever  the  available  data  are  insufficient  for  adequate  evaluation  of  the 
concept. 

A  method  of  estimating  slow  crack  growth  is.  under  development 
in  order  that  a  realistic  flaw  size  may  be  estimated  for  use  in  nondestruc¬ 
tive  inspection  of  motor  cases. 

A  study  of  the  transition  from  slow  crack  growth  to  rapid  fracture 
is  in  progress.  Preliminery  results  (5)  indicate  that  the  critical  crack 
length,  (2a)^,  is  not  sharply  defined.  As  the  condition  for  rapid  fracture 

is  approached,  that  is  as  (2a)  approaches  (2a)^  by  slow  propagation  under 

conditions  of  constant  load,  the  time  interval  during  which  a  crack  of 
length  (2a)  remains  stable  decreases  as  (2a)  approaches  (2a)^.  Thus,  the 

phenomena  of  "slow  crack  growth"  and  "rapid  fracture"  are  connected 
by  a  "transition  zone"  in  terms  of  crack  lehgth. 

The  recommendation  made  in  the  previous  section  that  the  pressure 
used  in  a  1  cycle  hydrotest  exceed  the  peak  Jiring  pressure  by  Itt  per  cent 
(a  =  1.10)  was  based  on  the  uncertainty  connected  with  this  transition. 
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From  the  data  in  Fig.  12,  it  appears  that  slow  crack  growth  does  not 
exceed  (A2a/2a)  =  0.04  but  the  allowable  slow  growth  is  (A2a/2a)  =  0,21 
at  a  =  1. 10.  This  difference  was  intended  to  account  for  the  transition 
region  from  slow  crack  growth  to  rapid  fracture. 
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Table  I 

Chemical  Composition  of  M-255  Steel 

C  Mn  P  S  Si  Cr  Ni  Al  Mo  Cu  Va 

.36-  .68-  .008-  .009-  .45  .68-  1.72-  .010-  .33-  .048  .20- 

.39  .76  .011  .010  .  56  .  89  1.84  .010  .37  .077  ..22 


Table  II 


Teplpering.  Tempe ratures  and  Mefcha.nieal  :;Rroperties 
of  the  Seven  Series  of  Specimens 


Specimen 

Series 

Tempering 

Temperature 

Hardness 

Rc 

Yield  Strength 
0.  2%  offset 

lb/in2 

Ultimate  Reduction 
Strength  of  Area 
per  cent 

L5 

400 

51.  3 

228,  000 

236,  000* 

3 

L6 

550 

49.  1 

220,000 

250,  000 

28** 

L7 

550 

50.  3 

218,  000 

251, 000 

7 

L8 

725 

47.  7 

205, 000 

232, 000 

11 

T2 

550 

52.  5 

230,000 

260, 000 

24** 

T3 

750 

48.2 

205,000 

232, 000 

30** 

T4 

750 

48.  5 

210, 000 

246,  000 

25** 

.*  Fractured  in  pin  hole  used  to  load  specimen. 
**  Specimens  were  surface  ground. 


lo^iiigi 

OtHiill 


Fi{.  n  study  of  Crack  Shape  for  AMS  255  Steel,  0.188  io.  Thick, 
Cy=220,l)00  psi,  Teiperiif  Teoip.-S50°F^Heat  Tioted  at  dOITF  for  2  hr. 


4^ 


Fig,  3  Relation  Between  Tip  to  Tip  Crack  Length,  Adjusted 

Crack  Length  and  Surface  Crack  Length  for  T4  Specimens. 
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2a  -  Adjusted  Crack  Length  -  in. 


2.4 


2a  -  Surface  Crack  Length  -  in. 

Fig.  4  Relation  Between  Surface  Crack  Length  and  Adjusted  Crack 
Length 


2a  -  Crack  Length  (in. )  a  -j  J.000  Ib/in 


Fig.  5  Slow  Crack  Extension  Data  for  Specimen  T4  R4 
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Kate  oi  Crack  l!.xtension 


Fig.  7  Influence  of  Stress  Intensity  Factor  on  Rate  of  Crack  Extension 
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Surface  Crack  (2a)  -  in. 


Fig.  9  Influence  of  Amplitude  of  Loading  on  Slow  Crack _  „ 

Extension.  At  Maximum  Load,  K  =  105,  000  lb  /in/m 
for  All  Specimens. 
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Plastic  Strain  Both  Upon  Loading  and  Unloading 
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Fig.  11  Schematic  Crack  Size  Distributions  Illustrating  Inevitability  of  Rapid 
Fracture  Resulting  From  Repeated  Cycles  of  Hydrotesting 


o 
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upon  Firing. 

Fig.  12  Slow  Crack  Extension  When  the  Ratio  of  the  Stress  on  the  Preceding  Cycle  to  the  Stress  on 
the  Current  Cycle  is  a  . 
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EMBRITTLEMENT  BY  LIQUID  METALS 

by 

W.  Rostoker* 


It  is  important  at  the  outset  to  distinguish  various  forms 
of  embrittlement  by  liquid  metals.  Many  liquid  metals,  during  pro¬ 
longed  exposure  to  a  solid  metal  of  higher  melting  point,  will  diffuse 
into  the  body  of  the  latter,  producing  brittle  coatings  which  impair 
the  ductility  of  the  whole  section.  Steel  immersed  for  long  times  in 
molten  tin  or  zinc  may  be  affected  in  this  manner,  Certain  liquid 
metals  will  penetrate  intergranularly  into  a  polycrystalline  solid  metal 
given  sufficient  time  at  a  high  enough  temperature.  The  envelope 
developed  around  each  grain  will  engender  brittleness.  For  instance, 
molten  bismuth  will  intergranularly  penetrate  into  polycrystalline 
copper  and  permanently  reduce  or  destroy  its  ductility.  Intergranu* 
lar  penetration  is  symptomatic  of  a  very  low  dihedral  angle  relation¬ 
ship  between  liquid  bismuth  and  the  grain  boundaries  of  copper.  The 
envelope  structure  is  a  natural  consequence  of  the  driving  force  to 
reduce  the  interfacial  energy  of  the  system. 

These  two  embrittlement  processes  are  easily  observed 
and  easily  rationalized.  The  rates  of  both  processes  are  increasedby 
increasing  temperature.  By  contrast,  a  third  and  much  more  cata¬ 
strophic  embrittlement  can  occur  whose  nature  and  origin  are  not  at 
all  obvious.  Embrittlement  can  occur  under  the  circumstance  that  a 
liquid  metal  has  wetted,  or,  in  other  words,  has  established  a  true 
interface  with  the  solid  metal  in  jeopardy.  Cracking  initiates  at  that 
interface  and  propagates  in  a  general  direction  normal  to  the  axis  or 
axes  of  principal  tensile  stresses.  The  conjoint  existence  of  a  liquid- 
solid  interface  and  of  a  critical  magnitude  of  stress  is  the  necessary 
condition  for  the  generation  of  fracture.  The  stress  may  be  dynamic 
in  origin  as  in  the  simple  uniaxial  tensile  test,  static  as  under  dead 
weight  loading,  residual  from  prior  thermal -mechanical  history,  or 
alternating. 


It  is  appropriate  at  this  point  to  list  some  of  the  charac¬ 
teristics  of  this  form  of  embrittlement  by  liquid  metals: 

(a)  Not  every  liquid  metal  will  embrittle  every  struc¬ 
tural  metal,  even  with  the  establishment  of  a  true  interface.  For 
instance,  high-strength  aluminum  alloys  are  embrittled  by  Hg,  Ga, 
Na,  In,  and  Sn  above  their  melting  points,  but  not  by  Li,  Bi,  Pb, 

or  Cd. 

(b)  Neither  the  area  wetted  nor  the  amount  of  liquid 
present  need  bpr  large.  However,  the  extent  of  cracking  measured  by 
length  and  number  depends  on  the  amount  of  liquid  available. 

(c)  Fractures  in  recrystallized  metals  are  invariably 
intercrystalline  except  when  the  grain  structure  is  elongated, 
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However,  trans crystalline  cracking  can  be  produced  in  heavily  cold- 
worked  metals  and  in  certain  single  crystals  or  coarse  grains. 

(d)  Embrittlement  can  be  encountered  in  all  degrees -- 
from  slight  reduction  in  total  ductility  to  brittle  fracture  well  below 
the  engineering  yield  point.  This  is  illustrated  in  Figure  1  by  the  ten¬ 
sile  behavior  of  cold-rolled  copper  wetted  by  a  series  of  Bi-Pb  alloys, 
It  is  to  be  noted  that  wetting  by  a  liquid  metal  does  not  influence  the 
yield  point. 

(e)  Brittle  fracture  is  potential  at  the  moment  ofwettiig 
if  the  stress  is  high  enough.  At  lower  stresses,  a  finite  delay  time 
is  associated  with  fracture.  The  delayed  failure  of  a  hardened 

AISI  4130  steel  wetted  with  lithium  is  illustrated  in  Figure  2. 

(f)  Brittle  fracture  associated  with  wetting  by  a  liquid 
metal  is  temperature  dependent- -disappearing  abruptly  at  some  ele¬ 
vated  temperature.  The  ductility-temperature  curve  appears  as  the 
ductile -brittle  transition  ordinarily  encountered  in  body-centered  cu¬ 
bic  metals  as  shown  in  Figure  3.  Reiterating  an  earlier  remark,  this 
is  opposite  to  the  two  other  processes  of  embrittlement  by  liqiid  metals. 

(g)  The  fracture  stress  in  the  wetted  condition  is  de¬ 
pendent  on  the  hardness  of  the  metal.  A  two-fold  trend  is  found.  At 
low  hardnesses,  the  fracture  stress  follows  the  yield  stress  and*  ^ove 
some  critical  hardness  level,  fracture  stress  is  progressively  less 
than  the  engineering  yield  stress.  This  is  illustrated  in  Figure  4, 

With  this  necessarily  brief  introduction  to  phenomen¬ 
ology,  it  is  appropriate  to  begin  a  discussion  of  present  views  of  the 
nature  of  the  process.  First,  it  is  important  to  establish  that  the 
ductile -brittle  transition  encountered  is  basically  the  same  as  that 
encountered  in  body-centered  cubic  metals.  This  point  has  been  ex¬ 
plored.  It  has  been  shown  that  the  transition  temperature  of  70/30 
brass  wetted  with  mercury  is  related  to  grain  size  in  the  same  fashion 
as  mild  steel- -that  is,  the  transition  temperature  is  proportional  to 
the  logarithm  of  the  grain  size.  As  also  with  mild  steel,  increasing 
strain  rate  of  testing  has  been  shown  to  raise  the  transition  tempera¬ 
ture  of  an  aluminum  alloy  wetted  with  mercury,  according  to  a  loga¬ 
rithmic  function. 

From  the  Cottrell-Petch  condition  for  the  occurrence 
of  a  ductile -brittle  transition; 

0-  K  d^^^  =  pG^ 

y  y 

-1/2 

where  Cy  =  yield  stress;  Ky  =  slope  of  the  Sy  vs.  d  function; 
d  =  grain  size;  p  =  a  numerical  factor;  G  =  modulus  of  rigidity; 

=  surface  energy  associated  with  fracture. 

One  can  surmise  that  the  surface  energy  term  .  V  is 
most  likely  the  factor  influenced  by  the  presence  of  a  liquid- solid 
interface.  Thus,  one  can  expect  an  interplay  between  s  and  ^  , 
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This  has  been  demonstrated.  Cold  worked  copper  wetted  with  a 
series  of  Bi-Pb  alloys  at  350*C  shows  a  transition  to  failure  below 
the  yield  point  at  about  70%  Bi.  When  the  copper  is  annealed  (and 
(Ty  thereby  reduced),  the  same  transition  occurs  at  pure  Bi.  This 
is  consistent  with  the  trend  of  interfacial  energies  between  copper 
and  Bi-Pb  alloys  in  which  "5  varies  from  250  ergs/cm^  (Bi)  to 
350  ergs/cm^  (Ph). 


Taking  the  position  that  surface  adsorption  of  the  liq¬ 
uid  metal  lowers  the  energy  of  formation  of  crack  nuclei,  one  can 
explore  the  magnitude  of  the  reduced  surface  energy  by  two  defini-- 
tive  experiments.  The  first  was  devised  by  Petch(l)  to  rationalize 
a  mechanism  of  hydrogen  embrittlement  of  steel.  He  argued  that 
the  value  of  K  ought  to  be  depressed  by  the  presence  of  hydrogen, 
where 

(Tf  -  ao 

""  =  -jniT- 


(Tf  =  fracture  stress;  (Tq  =  an  intercept;  /  =  Poisson’s  ratio. 

According  to  Petch’s  data,  ^  for  mild  steel  is  reduced  by  dis¬ 
solved  hydrogen  from  about  1600  to  about  600  ergs /cm^- -in  good 
agreement  with  independent  measurements  by  another  method. 


One  can  demonstrate  similar  behavior  in  specimens 
wetted  by  an  appropriate  liquid  metal.  Even  when  ductile  face- 
centered  cubic  metals  do  not  normally  provide  a  clear  linear  depen¬ 
dence  of  (Tf  on  the  grain  size  function,  d"^'^,  they  do  when  wetted 
by  a  liquid  metal.  Computed  values  of  effective  surface  energy  are 
730  ergs/cm^  for  mild  steel  wetted  with  molten  lithium,  and 
280  ergs/cm^  for  brass  wetted  with  liquid  mercury.  Both  of  these 
values  are  well  within  the  range  expected  for  brittle  behavior. 


The  very  low  surface  energies  derived  suggest  that 
liquid  metals  can  produce  almost  ideal  brittle  fracture.  Under  more 
normal  circumstances,  as  Orowan  and  Felbeck(2)  have  shown,  there 
is  still  a  very  large  energy  term  associated  with  microplastic  defor¬ 
mation  so  that  the  apparent  surface  energy  is  of  the  order  of 
10°  ergs/cm2. 


An  experimental  evaluation  of  the  constants  in  the 
Griffith  equation  for  crack  propagation  provides  another  method  of 
estimating  the  effective  surface  energy  associated  with  brittle  frac¬ 
ture  induced  by  wetting  with  a  liquid  metal.  It  has  been  discovered 
that  crack  propagation  in  70/30  brass  sheets  wetted  with  mercury 
can  be  arrested  by  rapid  unloading.  Accordingly,  it  is  possible  to 
“walk”  a  crack  across  a  wide  sheet  specimen.  This  permits 
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multi-point  determinations  of  fracture  re-initiation  stresses,  ri, 
according  to  the  Griffith  equation: 


where  E  =  Young’s  modulus;  C  =  initial  crack  length. 

By  wetting  with  mercury  on  only  one  side,  one  can  get  a  mixture  of 
brittle  and  ductile  fracture  which,  when  plotted  as  in  Figure  5, 
yields  an  estimated  effective  surface  energy  Of  about  10°  ergs/cm^. 
By  wetting  on  both  sides,  the  data  as  plotted  in  Figure  6  yield  an 
effective  surface  energy  of  about  1000  ergs/cm^  or  less. 

The  results  of  experiments  cited  indicate  thatfchfiidbeair.- 
stress-activated  dislocation  pile-up  model  for  fracture  nucleation  is 
applicable  to  the  phenomenon  of  liquid  metal  embrittlement.  How« 
ever,  inasmuch  as  fracture  initiates  at  the  liquid-solid  interface, 
it  is  necessary  to  modify  the  model  to  treat  only  dislocation  pile  - 
ups  at  a  surface.  That  such  do  in  fact  exist  has  been  amply  demon¬ 
strated  by  etch  pit  studies,  particularly  by  Low  and  Guard(3)  on 
silicon  ferrite  (Fe  +  3%Si).  The  “dislocation  decoration”  process 
reveals  the  emergence  of  dislocation  lines  to  a  free  surface,  and 
the  arrays  of  etch  pits  observed  show  that  slip  line  pile-ups  do  oc¬ 
cur  at  grain  boundaries.  Since  the  grain  boundary  is  the  most  ef¬ 
fective  pile-up  barrier,  it  is  not  surprising  that  cracks  appear  to 
be  largely  intergranular.  However,  intersecting  slip  bands  are 
knovm  to  be  capable  of  producing  crack  nuclei  in  certain  metals, 
particularly  body-centered  cubic,  and  so  one  should  expect  that  in 
certain  cases  it  is  possible  to  initiate  cracking  in  the  center  of  a 
grain.  Experiments  with  very  coarse-grained  silicon  ferrite,  in 
which  only  the  centers  of  grains  were  wetted  with  molten  lithium, 
have  demonstrated  that  cracking  can  be  induced  and  propagated 
without  the  association  of  a  grain  boundary.  This  reinforces  the 
conclusion  brought  out  earlier- -that  prior  penetration  of  the  liquid 
metal  is  not  implicit  in  the  mechanism  of  brittle  fracture. 

This  work  was  performed  under  contract  to  FranWord 

Arsenal. 
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FIG.  4  •  Correlation  between  hardness  and  tensile  strength  (wetted  with 
molten  lithium  at  200*C  and  unwettcd)  for  an  SAE  4130  steel. 
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FIG.  5  -  Stress  to  propagate  a  crack  as  a  function  of  carck  length,  70/30 
brass  sheet  wetted  on  one  side  with  mercury. 
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PREPARED  DISCUSSION  -  FOURTH  SESSION 


The  Effect  of  Small  Surface  Cracks  on  Strength 
prepared  by 

J.  B.  Srawley  and  C.  D.  Beachen* 


Tensile  crack  propagation  tests  of  sheet  materials  are  usually  conducted 
on  specimens  with  sharp  notches  or  slots  which  are  quite  large  in  comparison  with 
the  sheet  thickness.  We  feel  that  there  is  a  need  for  experimental  data  on  the  effect 
of  the  size  of  small  cracks  which  do  not  penetrate  through  the  thickness  of  the  sheet. 
We  have  been  able  to  introduce  such  cracks  into  specimens  by  controlled  hydrogen 
embrittlement  cracking,  and  believe  that  the  results  obtained  so  far  with  these  speci¬ 
mens  will  be  of  some  interest  to  those  at  this  Conference. 

Specimens  1  in  wide  were  obtained  from  a  sheet  of  X200  steel,  about 
0.  07  in  thick,  and  were  air  hardened  and  tempered  at  700  F  to  have  a  yield  strength 
of  228  ksi  and  an  ultimate  tensile  strength  of  274  ksi  at  room  temperature.  These 
were  provided  with  central,  transverse  cracks  of  semi -elliptical  shape,  the  smallest 
being  about  0. 01  in  deep  and  0.  OS  in  long.  After  cracking,  the  specimens  were  baked 
to  remove  hydrogen  and  tested  in  tension. 

Results  for  three  testing  temperatures  are  shown  in  Figure  1,  in  terms  of 
the  crack  strength  ratio  (nominal  net  fracture  stress  divided  by  ultimate  tensile 
strength)  versus  relative  crack  size  (area  of  the  original  crack  divided  by  specimen 
thickness).  The  points  at  the  right  which  are  circled  refer  to  specimens  with  crack- 
ended  central  slots  which  were  tested  for  comparison.  At  room  temperqfure  the 
effect  of  the  smallest  cracks  is  very  slight,  but  the  strength  decreases  very  rapidly 
as  the  relative  crack  size  increases  in  the  range  0.01  to  0.  05  inches,  ^or  example, 
a  crack  of  relative  area  0.  037,  which  was  about  0. 11  in  long  and  0,  03  in  deep,  reduced 
the  strength  to  less  than  the  yield  strength.  The  results  in  general  suggest  that  there 
is  a  lower  limit  to  the  size  of  crack  which  will  have  an  appreciable  influence  on 
strength,  and  that  this  limit  decreases  markedly  withtemperature.  Beyond  the  border¬ 
line  crack  size,  the  decrease  in  strength  as  the  crack  size  increases  is  very  pronounced 
The  strength  is  decreased  further  by  a  decrease  in  temperature  (or  the  material  becomec 
more  brittle). 


*  Metallur^  Division,  U.  S.  Naval  Research  Laboratory,  Washingtion  25,  D.  C. 


Some  further  tests  were  conducted  at  room  temperature  to  investigate 
a  possible  effect  of  enviroiunent  on  the  results.  The  cracks  in  some  specimens 
were  filled  with  water  or  with  india  ink  during  testing,  while  other  specimens 
were  first  dehydrated  in  a  vacuum  dessicator  and  subsequently  protected  during 
testing  by  adhesive  patches  enclosing  particles  of  a  dessicaitf.  The  results  are 
shown  in  Fig.  2  (which  is  on  a  much  larger  scale  than  Fig.  1),  Thetriangular 
points,  representing  water  or  india  ink,  do  appear  to  be  significantly  lower,  on 
average,  than  the  others,  though  the  effect  is  only  of  the  same  order  as  the  general 
scatter  of  results.  These  tests  were  each  completed  in  a  few  minutes,  and  it  is 
quite  possible  that  larger  effects  would  be  observed  in  more  prolonged  tests.  It  is 
also  very  likely  that  the  sensitivity  to  environment  varies  with  material  and  condit¬ 
ion.  The  material  used  here  was  fairly  tough  at  room  temperature  (Kc  about  ksi  • 
inches  •  full  shear  fracture),  and  a  more  "brittle  material  might  be  considerably 
more  sensitive. 
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Figure  1.  Effect  of  Crack  Size  on  Crack  Strength  Ratio 
(Nominal  Net  Fracture  Stress/Ultimate  Tensile 
Strength)  at  Three  Temperatures 
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PREPARED  DISCUSSION  -  FOURTH  SESSION 


Discussion  of  Paper 

"Plastic  Zone  Near  a  Crack  and  Fracture  Toughness" 

ty 

G.  Irwin 
prepared  by 

George  Sachs,  Syracuse  University 


The  merit  of  Dr.  Irwin's  work  is  undisputed.  However,  I  would  like 
to  take  strong  exception  to  the  philosophy  which  he  expressed.  If  we  do  not 
know  how  to  drive  an  automobile  we  may  be  forced  to  use  a  wheelchair.  How¬ 
ever,  if  we  start  to  equip  the  wheelchair  with  powerbrakes  and  power steering 
we  might  as  well  learn  to  drive  an  automobile. 

My  background  is  to  a  considerable  extent  j"  Applied  Mechanics. 

For  me,  stress  concentration  effects,  as  defined  by  the  theory  of  elasticity 
and  calculated  by  Neuber,  are  more  readily  understandable  than  Dr.  Irwin's 
calculations.  I  have  discussed  this  problem  with  a  number  of  scientists  and 
have  frequently  been  asked  to  act  as  council  for  defending  the  stress  concen¬ 
tration  approach.  Griffith's  theory  is  a  thermodynamical  approach  and  circum¬ 
vents  stress  distributions.  According  to  my  way  of  thinking,  its  combination 
with  stress  distribution  calculations  is  not  permissible  and  does  not  lead  to 
clearly  definable  conclusions. 

Griffith's  theory  is  expressed  by  the  equation  O'  =  A/  ■IT,  where  O 
is  the  gross  stress  and  A  a  compound  material  constant  identical  to  the 
gross  stress  for  c  =  1  where  c  is  the  crack  length.  It  postulates,  for  a 
brittle  metal,  that  Instability  occurs  for  a  given  combination  of  O  and  c. 

It  also  postulates  the  pre-existence  of  an  extremely  sharp  crack.  The  const¬ 
ant  A,  according  to  Griffith's  initial  concept  which  involves  surface  tension, 
is  very  small,  perhaps  .01  or  .001  of  actually  observed  values.  To  explain 
these,  Orowan  increased  the  constant  A  to  Include  a  plasticity  energy  term. 

This  equation  still  remains  the  basic  single-parameter  equation,  and  ^  c  is 
only  another  form  of  the  constant.  Further  leading  refinements  by  Irwin  to 
a  two-parameter  equation  to  account  for  plasticity  make  use  of  arbitrary  and 
non-permissible  calculations.  These  lead  to  a  maximum  strength,  for  infinitely 
small  cracks,  at  a  value  times  the  yield  strength.  There  is  a  very 
peculiar  assumption  hidden  in  such  an  approach.  Finally,  a  correction  for 
finite  specimen  size  is  introduced  from  Westergaard ' s  calculations.  Although, 
this  procedure  appears  valid,  the  correction  foa;  practical  conditions  turns 
out  to  be  only  a  few  percent  and  can  be  usually  neglected.  Therefore,  there 
is  no  need  for  the  use  of  the  resulting  complicated  equations.  Furthermore, 
the  final  result  is  very  similar  to  that  derived  from  the  Neuber 's  concept  of 
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finite  stress  concentrations,  which  is  much  simpler,  and  this  has  been  dis¬ 
cussed  in  detail  by  Dr,  Weiss. 

Griffith's  theory  is  also  not  applicable  to  the  effect  of  section 
size,  as  recognized  early  in  this  game,  nor  does  it  lead  to  any  conclusions 
relating  to  such  phenomena  as  a  fast  rate  of  crack  propagation,  critical  crack 
length  and  so  forth.  A  plausible  theory  for  a  distinction  between  slow  and 
fast  rate  of  crack  propagation  does  not  exist.  If  the  claim  is  made  that 
these  phenomena  can  be  explained  on  the  basis  of  a  modified  Griffith's  theory, 
this  becomes  a  matter  of  religion,  rather  than  of  science;  you  either  believe 
it  or  you  do  not  believe  it. 
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PREPARED  DISCUSSION  -  FOURTH  SESSION 


Discussion  of  Paper 
"Embrittlement  by  Liquid  Metals" 

by 

W.  Rostoker 
prepared  by 

J.  M.  McCaughey,  Frankford  Arsenal 


Dr.  Rostoker  has  presented  some  studies  undertaken  on  the  embrittlement 
of  certain  solid  metals  by  liquid  metals.  His  paper  has  been  primarily  centered  on 
brass,  copper  and  steel  and  he  has  shown  conclusively  that  liquid  metal  fracture  is 
definitely  "brittle”  in  nature.  Several  relationships  also  have  been  determined  for  the 
embrittlement  of  aluminum  alloys  by  liquid  metals,  and  I  believe,  they  would  be  of 
interest  to  this  group. 

First,  it  has  been  suggested  that  a  demonstration  of  liquid  metal  embrittle¬ 
ment  Would  be  appropriate  at  this  time. 

This  first  specimen  is  an  alclad  strip  of  2-24-T3  aluminum  alloy  and  as 
you  know,  it  may  be  easily  bent  without  experiencing  any  cracking  or  failure.  However, 
if  a  similar  specimen  has  a  small  amount  of  amalgam  placed  on  it  prior  to  bending, 
fracture  will  take  place  immediately.  No  permanent  deformation  has  taken  place  prior 
to  failure,  indicating  the  stress  required  was  lower  than  the  yield  stress.  The  amalgam 
used  is  primarily  mercury  but  with  some  additives  to  make  it  pasty  for  ease  in  handling, 
and  also  to  enhance  the  embrittlement  phenomenon. 

One  additional  demonstration  can  be  made  to  show  this  effect.  An  1/8  inch 
thick  2024-T3  plate  has  an  indentation  in  the  center  to  give  large  residual  stresses.  If 
some  amalgam  is  now  applied  to  this  area,  fracture  will  take  place  without  the  necessity 
of  the  application  of  an  external  stress. 

Several  relationships  have  been  determined  for  liquid  metal  embrittlement 
of  2024-T3  aluminum  alloy  and  these  are  shown  in  the  following  figures. 

Figure  1  shows  the  role  of  intrinsic  strength  on  the  embrittling  capability  of 
a  liquid  metal.  This  plot  is  essentially  for  dry  fracture  strength  versus  wet  fracture 
strength  (fracture  strength  when  wet  by  a  liquid  metal),  and  it  indicates  that  for  alloys 
with  an  ultimate  tensile  strength  greater  than  60,  000  psi,  the  wet  strength  is  less  than 
the  dry  strength.  The  alloys  with  this  high  strength  are  2024-T4,  7075-T6,  and 
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7001 -T6  and  the  stress  required  for  fracture  (wet)  for  these  alloys  is  actually 
much  lower  than  the  normal  yield  stress.  The  other  alloys  are  also  embrittled 
bu(  the  stress  required  is  above  the  yield  stress. 

Figure  2  shows  the  quantity  of  liquid  metal  required  for  cracking.  This 
is  for  a  specimen  1/2  inch  thick  by  3  inch  wide  stressed  to  10  percent  of  its 
ultimate  tensile  strength  and  then  wetted  by  the  liquid  metal.  This  figure  Indi¬ 
cates  that  4  grains  of  the  amalgam  are  required  for  complete  fracturing  of  the 
test  specimen.  Smaller  amounts  also  produce  cracking  but  incomplete  failure 
of  the  specimen. 

Figure  3  gives  an  indication  of  the  role  of  stress  on  the  embrittlement 
phenomenon.  The  lov^er  radiograph  shows  a  typical  crack  when  wet  by  mercury 
while  stressed  to  10  percent  of  the  ultimate  strength.  There  is  usually  one  long 
crack  at  right  angles  to  the  stress  direction,  and  then  extensive  branching  at  the 
ends  of  the  crack.  As  the  stress  level  is  increased  prior  to  crack  initiation,  the 
single  crack  decreases  in  length  and  the  branching  increases.  It  is  believed  the 
reason:  for  this  is  that  with  the  higher  stresses,  there  are  more  components  above 
the  threshold  value  for  crack  initiation. 

Figure  4  is  a  plot  showing  the  effect  of  temperature  on  mercury  em¬ 
brittlement  of  an  aluminum  alloy.  If  one  strain  rate  is  followed,  it  will  be  seen 
that  greater  ductility  is  achieved  prior  to  fracture,  indicating  a  reduction  in  the 
embrittling  propensity  with  increasing  temperatures.  This  figure  shows  also  the 
relationship  for  strain  rate.  As  the  strain  rate  is  increased,  the  ductility  decreases, 
thus  indicating  that  liquid  metal  embrittlement  is  enhanced  with  increasing  strain 
rates. 


Figure  5  shows  a  similar  delayed  failure  curve  for  aluminum  alloys  as 
Dr.  Rostoker  has  presented  for  SAB  4130  steel.  At  a  high  stress  level,  failure 
is  immediate,  but  at  lower  levels,  a  finite  time  is  required  for  failure.  There 
also  exists  a  threshold  stress  below  which  failure  will  not  take  place.  An  inter¬ 
esting  feature  of  this  relationship  is  that  if  the  stress  and  liquid  metal  are  re¬ 
moved  prior  to  fracture,  no  harmful  effects  remain  on  the  specimen.  That  is,  if 
it  were  now  tested,  the  tensile  strength  would  be  the  same  as  for  a  conventional 
specimen. 

Figures  6  and  7  are  radiographs  of  cracks  in  2024-T4  aluminum  alloy 
specimens  when  stressed  and  wetted  with  mercury.  The  first  is  for  uniaxial 
tension  and  in  this  case  the  crack  has  extended  for  approximately  12  inches.  The 
second  is  for  biaxial  tension  and  again  the  crack  has  extended  for  a  long  distance. 

Thus,  it  is  evident  that  liquid  metal  embrittlement  is  not  restricted  to 
only  one  solid  metal -liquid  metal  combination.  The  possibility  exists  that  any 
stressed  metal  may  be  made  to  fracture  in  a  brittle  fashion  if  wetted  by  the 
appropriate  liquid  metal. 
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Figure  1.  Relationship  Between  Normal  Tensile 
Strength  of  Commercial  Aluminum  Alloys  and 
Their  Fracture  Strength  When  Wetted  with  a 
Mercury  Amalgam 


IV-177 


0  0.5  1.0  1.5  2.0  2.5  3.0 


CRACK  LENGTH  (in.) 

Figure  2.  Crack  Length  as  a  Function  of 
Amount  of  Liquid  Amalgam  Used 
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Figure  3,  Crack  Pattern  in  Aluminum  Alloy 
Plate  (2024-T3)  as  a  Function  of  the 
Applied  Stress 
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Figure  4.  Correlation  of  Temperature  and  Strain  Rate 
with  Ductility  of  2024-T4  Aluminum  Alloy  Wetted 
with  a  Liquid  Amalgam 


Figure  5.  Time  to  Failure  for 
Alloy  Wetted  with  an  Amalgam 
Statically  Applied 


a  2024-T4  Aluminum 
as  a  Function  of 
Stress 
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Figure 


Figure 


.  Radiograph  of  Crack  in  Aluminum  Specimen 
Stressed  Uniaxially  and  Wetted  with  Mercury. 
(Crack  Approx.  12  inches  Long) 


Radiograph  of  Crack  in  Aluminum  Specimen 
Stressed  Biaxially  and  Wetted  with  Mercury. 
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TRANSCRIBED  DISCUSSION  -  FOURTH  SESSION 


Seventh  Sagamore  Conference 


A.  Hurlich  I  would  like  to  suggest  to  Mi.  Srawley  that  he  apply  his 

technique  of  surface  cracking  test  specimens  to  pin  down  the  problem  of  decarb¬ 
urization.  I  venture  to  predict  that  a  decarburized  surface  will  peimit  a  much 
larger  flaw  to  exist  before  we  have  a  measurable  decrease  of  the  fracture  strength 
of  the  material.  I  think  this  might  be  a  good  experimental  technique  to  nail  this 
point  down.  In  respect  to  Mr.  Coiten's  talk,  I  would  like  to  make  a  comment  be¬ 
cause  I  think  that  his  statement  was  extremely  pertinent  to  a  development  that 
has  been  occurring  over  the  last  two  years.  In  the  aerospace  industry  and  in  the 
Air  Force  it  has  become  very  popular  to  bandy  about  the  word  “‘reliability".  I 
think  this  word  is  a  semantically  unclear  one,  though  a  very  glamorous  one,  and 
as  a  consequence  we  have  seen  the  growth  of  large  reliability  groups  nowin  the 
missile  companies.  In  fact,  in  some  companies  there  are  more  people  in  the  re¬ 
liability  group  tl^  are  evaluating  the  reliability  of  the  missile  than  there  are  people 
designing  the  missile.  Fortunately,  a  lot  of  these  reliability  people  do  nothing  more 
innocuous  than  collect  statistics  from  service  failures.  Unfortunately,  however,  a 
large  number  of  them  insist  on  earning  their  money  by  demanding  extensive  reliabil¬ 
ity  testing  and  they  are  immune  to  the  argument  that  reliability  testing  is  often  per¬ 
formed  at  the  expense  of  reliability.  In  as  much  as  missiles,  because  of  weight 
limitations,  operate  at  stress  levels  high  up  in  the  finite  life  portion  of  the  S-N  fa¬ 
tigue  diagram,  the  more  reliability  testing  one  does,  the  more  one  extracts  from  the 
remaining  life  of  the  rocket  motor  casing  or  other  critically  stressed  components. 

I  think  the  people  in  the  solid  propellant  missile  industry  are  fairly  lucky  because 
once  you  touch  the  match  to  the  motor,  it  has  gone  off  and  you  cannot  do  much  about 
it.  "We  who  are  in  the  liquid  propellant  missile  business,  however,  are  less  fortunate 
because  our  engines  can  be  turned  on  and  off  and  operated  time  and  again.  Conse¬ 
quently,  by  the  time  a  liquid  propellant  missile  reaches  the  firing  pad,  it  has  al¬ 
ready  undergone  a  very  large  number  of  reliability  tests.  The  propulsion  system,  the 
pneumatic  system,  the  guidance  system,  and  all  other  types  of  systems  have  been 
tested  to  a  point  where  they  probably  have  a  very  good  chance  of  failing  on  the  mis¬ 
sile  launch  because  we  have  extracted  so  much  of  the  reliability  from  the  stmcture. 

I  would  like  to  suggest  to  Mr.  Corton  that  he  could  do  the  nation  a  real  benefit  by 
travelling  around  to  the  various  industries  and  speaking  to  reliability  people  and 
urging  them  to  cease  some  of  this  horrible  reliability  testing  that  I  see  going  on. 

Also,  if  a  pressure  vessel  is  designed  to  operate  at  a  certain  pressure,  proof  testing 
it  at  a  very  much  higher  pressure  ncrt  only  does  not  assure  that  it  will  subsequently 
perform  reliablity  at  the  design  pressure,  but  may  have  actJjally  caused  the  extension 
of  flaws  such  that  it  is  now  prone  to  fracture  at  lower  pressures.  I  am  gratified  that 
Mr.  Corton  has  pointed  out  the  dangers  inherent  in.  proof  testing  pressure  vessels  at 
unreasonably  high  "over-pressures".  This  danger  becomes  prpgres s ively  more  severe 
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in  the  high  strength,  relatively  brittle  materials. 

The  strength  and  fatigue  performance  of  pressure  vessels  made  from  soft, 
ductile  and  tough  materials  can  actually  be  improved  by  over-pressure  testing  as 
a  result  of  slight  deformations  which  remove  eccentricities  and  produce  some  cold 
working,  but  this  cannot  be  extrapolated  to  the  high  strength,  brittle  materials  being 
used  for  rocket  motor  cases, 

B,  M,  Wundt  Dr,  Weiss*  paper  is  a  rational  attempt  to  summarize 
concisely  the  current  views  on  theories  of  fracture.  In  this  he  has  succeeded  well. 

I  would  like  to  add  a  few  comments  which  may  help  to  eluclr^ate  the  problem.  Per¬ 
taining  to  Neuber's  particle  sizer)  it  may  >>e  of  interest  that  an  English  physicist, 

C.  Gumey,  had  suggested  in  1946  (ref.  iW)  an  interesting  treatment  for  high  stress 
concentration  factors  in  sharp  ended  cracks.  He  assumed  that  cracks  degenerate  from 
notches  which  have  an  elliptic  shape,  In  order  to  obtain  an  "’effective”  stress  concen¬ 
tration,  an  ’"average  stress"  over  a  small  area  of  dimension  A  at  the  end  ofthe  major 
axis,  2a,  ofthe  ellipse  is  computed.  This  ’’effective"  stress  concentration  which  is 
computed  in  terms  of  s^(a/r)  is  shown  in  Gurney’s  Fig.  2  as  a  function  of  the  ratio 
A  A,  where  r  is  the  radius  of  curvature  at  the  end  of  the  major  axis.  Gumey  points 
out  that  in  a  particularly  important  case,  when  r/A  =  1,  i.  e.  when  the  radius  of 
curvature  is  equal  to  the  particle  size  (atomic  dim.),  the  "effective"  stress  concen¬ 
tration  factor  is  only  about  half  of  the  maximum  stress  concentration  which  otherwise 
occurs  at  the  boundary  of  the  elliptical  hole.  When  the  radius  of  curvature  is  made  to 
approach  zero  and  when  the  minor  axis  ofthe  ellipse,  2  b,  vanishes,  Gurney’s  formulae 
yield  for  the  ’"effective"  stress  concentration  factor  for  a  sharp  ended  crack  of  length 
2a,  1.  84  ((a/  A For  "particle  size"  A  =  0. 001  in. ,  0. 0025  in.  or  0.  -OiO  in. ,  the 
"effective"  stress  concentration  factor  is  57,  36  and  18  respectively;  when  the  central 
crack  length  2a  -  2in, 

In  connection  with  the  stress  intensity  coefficient,  it  should  be  noted  that  Dr. 
Irwin  has  pointed  out  (ref.  W2  eq.  10)  that  it  may  be  obtained  as  a  limit  of  the 
following  expression  when  the  radius  of  curvature  approaches  zero; 


but 


as  r-^o 


'^max  ^ 
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and 


X  *  cTj^  Lim  [  /r]  as  0 

In  order  to  obtain  Kj;  for  a  given  configuration  it  is  necessary  to  know  the 
theoretical  stress  concentration  factor  Kj  as  a  function  or  ihdius  of  curvature  r 
and  plot  the  product  K^j/F  as  a  hinction  of  r.  Its  value  for  r  *  0  is  obtained  by 
extrapolation.  The  discusser  has  used  this  procedure  with  the  help  of  Peterson's 
book. 


Dr.  Weiss  points  out  that  the  Griffith-Irwin  fracture  mechanics  breaks 
down  as  soon  as  the  crack  length  becomes  small.  This  is  inherent  in  the  form¬ 
ula,  but  for  practical  purposes  the  correct  strength  behavior  may  be  easily  ap¬ 
proximated  by  the  application  of  the  known  boundary  conditions.  This  is  shown 
clearly  in  Fig.  11  of  the  discusser's  paper  (39)  and  in  reference  W4. 

Dr.  Weiss  mentioned  the  work  which  Prof.  Neuber  is  doing  under  contract 
with  WADD.  The  discusser  doubts  if  the  extension  of  the  theory  of  stress  con¬ 
centration  will  help  to  solve  the  problems  of  notch-strength  variation  connected 
with  the  fracture  appearance  transition  temperature.  For  instance,  in  Fig.  6  of 
ref.  W3,  the  average  notch -strength  of  large  flat  specimens  of  constant  geometry, 
equipped  with  pre-existing  cracks,  is  shown  as  a  function  of  temperature.  This 
figure  indicates  a  most  significant  notch-strength  behavior,  at  temperatures  above 
150  F  the  notch i-strength  is  about  120, 000  psi,  but  at  temperatures  below  125  F 
the  notch-strength  is  only  60, 000  psi.  In  the  transition  range  between  125  Fand 
150  F  there  is  a  rapid  change  in  ncrtich-strength.  The  strength  and  ductility  prop¬ 
erties  of  smooth  tension  specimens  from  the  same  steel  are  shown  in  Fig.  4of 
ref.  W3.  It  is  seen  that  the  strength  behavior  in  the  temperature  range  between 
125  and  150  F  is  not  at  all  indicative  of  the  change  which  occurs  in  the  notch- 
strength  behavior.  The  discusser  cannot  understand  how  Prof.  Neuber's  exten¬ 
sion  of  the  theory  of  stress  concentrations,  based  on  tme  stress-strain  diagrams 
of  smooth  specimens,  will  be  helpful  in  the  analysis  of  behavior  of  cracked  or 
very-sharp  notched  specimens  near  the  temperature  transition  range.  I  also  fail 
to  see  how  Neuber's  finite  particle  q  ,  as  discussed  by  Dr.  Weiss,  could  be  used 
to  attack  the  above  problem.  * 


•  References  for  Wundt's  Discussion: 

W1  C.  Gumey,  The  Effective  Stress  Concentration  at  the  End  of  a  Crack  in 
Materials  having  Atomic  Constitution,  Ph.  Mag.  7,  39  (1948)  pp  71-76 
W2  G.  R.  Irwin,  J.  A.  Kies,  H.  L.  Smith,  Fracture  Strength  Relative  to  Onset 
and  Arrest  of  Crack  Propagation,  Proceedings  ASTTM  Vol.  58  (1958)  pp  640-660 
W3  E.T.  Wessel,  The  Influence  of  Pre-Existing  Sharp  Cracks  on  Brittle  Fracture 
of  a  Nickel -Molybdenum -Vanadium  Forging  Steel,  Trans.  Am.  Soc.  for  Metals 
(1960)  pp  277-306 

W4  Discussion  of  W3  by  B.  M.  Wundt,  pp  300-302 
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I  Would  like  to  suggest  to  Prof.  Corten  that  if  he  would  like  to  initiate 
a  crack  very  easily,  a  nitrided  case  5  mm  thick  at  the  apex  of  the  notch  will 
do  it.  Also,  nitridiiig  of  the  specimen  surfaces  will  probably  eliminate  shear 
lips  which  interfere  with  crack  propagation. 

I  Would  like  to  ask  Dr,  Rostoker  if  the  surface  adsorption  theory  which 
was  studied  for  some  time  by  Prof,  Rebinder  in  the  USSR,  is  the  same  phe¬ 
nomenon  which  he  is  describing'? 

W,  Rostoker  This  surface  energy  concept  in  mechanical  proper¬ 
ties  is  similar  to  Prof.  Rebinder's.  The  approaches  to  validating  the  concepts 
as  presented  here,  however,  are  new. 


Weiss  With  respect  to  Mr.  Wundt’s  first  comment  pertaining 

to  and  C.  Gurney’s  work,  I  would  like  to  point  out  that  Gumey’sAis  equivalent 
to  Neuber’s  q  for  an  eU-iptical.  hole,  axes  a  and  b  and  radius  of  curvature 
r  ~  ^at  X  s:  a  the  stress  .concentration  factor  is  given  by  K  “  1  +2  •!  or  for 
sharp  cracks  ,2  .^  s  2  \  ^.  After  assuming  an  average  stress  over  a  particle 
of  size  q  Neuber  finds  for  0'^  notch  angle,  K  sr  2 
K  =  J  i,  isjl"  or  1,  isj^nd  for  r  *.•  0,  K  “i 

Gurney’s  K  ®  1  ^  and  i,  8^  j  for  the  same  assumptions,  respectively. 


which  yields  for  r  q 
versus 


Mr.  Wundt’s  second  comment  pertains  to  the  relationship  between  the 
stress  concentration  and  the  stress  intensity  factor.  It  appears  to  me  that  there 
is  no  reason  why  for  sharp  notches,  the  limit  of  the  above  expression  cannot  be 
formed  with  the  help  of  Neuber’s  q  ,  i.  e. 
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which  is  identical  to  equation  (9)  in  ref.  (W2). 


r  — >  0 


On  the  other  hand  the  stress  intensity  factor  can  also  be  expressed  in 
terms  of  O  and  the  crack  iengfJh,  as  shown  below 
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With  regard  to  the  third  question  reJaJdng  to  fracture  appearance  transition 
temperature,  it  is  obvious  that  all  present  macroscopic  fracture  concepts  measure 
the  consequences  of  the  occurrence  of  s  .ob  a  transition  rather  than  to  predict  it. 
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Only  Cottrell's  and  Patch’s  work  points  towards  the  possiblity  of  predicting  the  duc  = 
tility  transition  phenomenon  on  the  basis  of  the  yield  point  and  the  dislocation  un¬ 
pinning  stress.  Although  critical  experiments  will  have  to  decide  the  feasibility  of 
such  an  approach,  there  is  no  reason  why,  with  a  knowledge  of  the  stress -strain 
curves  of  smooth  specimens,  the  ductility  transition  behavior  for  various  notch  con¬ 
figurations  cannot  be  predicted,  I  completely  agree  with  the  last  statement  as  I 
have  repeatedly  pointed  out  that  h  has  nothing  whatsoever  to  do  with  plasticity, 

G,  Sachs  I  would  like  to  make  a  few  additional  remarks  which  I 

hope  will  help  to  clarify  the  divergencies  in  opinion,  Neuber  assembles  in  his  book, 
the  knowledge  of  the  effects  of  stress  raisers  on  the  stress  distribution  under  elastic 
conditions.  In  addition,  he  advances  the  hypothesis  that  a  sharp  crack  does  not 
exist,  apparently  based  on  some  previous  tests  that  the  theory  of  elasticity  predicts 
stresses  which  are  too  high  for  very  high  stress  concentrations.  The  hypothesis 
leads  to  the  result  that  a  crack  acts  like  a  notch  having  a  certain  radius  which  de¬ 
pends  on  the  metal  involved.  This  explains,  why  a  simple  V-notch  with  a  very 
small  radius  has  the  same  effect  as  a  crack,  but  the  radius  must  be  very  smalL 
In  other  words,  the  assumed  elastic  stress  concentration  must  be  very  high  to  lead 
to  a  minimum  notch  strength.  The  shape  of  an  "Eloxed"  notch,  as  used  by  Irwin, 
does  appear  to  me  to  possess  too  large  a  radius  in  this  respect.  Actual  cracks,  on 
the  other  hand,  lead  to  the  suspicion  that  their  production  introduces  some  changes 
in  the  material  quite  different  from  those  resulting  from  a  running  crack  in  static 
loading. 

Regarding  a  plasticity  correction,  the  fact  which  must  be  explained  numer¬ 
ically  is  the  reduction  of  stress  concentration  caused  by  plastic  flow,  Hardrath, 
et  al,  at  Langley  Research  Center  have  found  that  modifying  the  elastic  value  to 
include  both  plastic  and  elastic  strains,  yields  a  practically  useful  equation.  We 
find  that  a  similar  approach  also  explains  the  fracture  values  or  notch-strength  of 
semi-brittle  materials,  as  presented  by  Dr,  Weiss,  A  similar  approach  has  been 
used  by  Gerard  at  N.  Y„U«  The  relations  obtained  appear  considerably  more  real¬ 
istic  and  lucid  than  those  based  on  Orowan’s  and  Irwin’s  modifications  of  Griffith's 
theory. 

Regarding  comparison  of  experimental  data,  it  must  be  kept  in  mind  (a) 
that  the  section  size  effect  is  not  a  subject  of  Griffith’s  theory,  but  that  only  the 
length  of  the  notch  appears  in  this  theory  and  (b)  that  full  understanding  of  the  re¬ 
lation  presupposes  that  the  effects  of  other  pertinent  variables,  in  partjicular  those 
of  biaxiality  and  section  size  or  stress  gradient,  on  the  ductility  are  known.  Gross 
effects  in  metallurgy,  unfortunately,  are  found  generally  to  result  from  a  combination 
of  several  basic  effects.  Although,  some  empirical  relation  may  be  applicable  to 
a  limited  amount  of  test  data  no  generalization  is  permissible  and  full  success  cannot 
be  expected  until  each  physical  phenomenon  involved  is  fully  recognized  and  evaluated. 
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I  would  like  to  ask  Dr.  Rostoker  to  comment  on  the  antithesis  of 
the  surface  tension  being  lowered  by  a  liquid  wetting  it,  in  other  words,  the  cases  where 
surface  tension  is  raised  by  some  liquids.  An  example  would  be  the  raising  of  fatigue 
strength  by  coating  the  surface  with  oil. 

W.  Rostoker  The  effect  of  raising  fatigue  strength  by  a  liquid  metal  is  rare.  It 
is  not,  however,  impossible  to  rationalize.  Remember  that  all  metals  are  clothed  by 
their  oxides ,  An  interfacial  energy  system  exists  between  the  metal  and  its  oxide  which 
may  be  less  than  the  interfacial  energy  between  the  metal  and  another  liquid. 

G.  K.  Manning  Battelle  made  two  series  of  center-cracked  tests  in  which  the  only 
variable  was  the  initial  crack  length.  One  series  was  made  ofT^JiO  steel,  the  other  of 
H-11  steel.  The  specimens  of  each  series  were  from  the  same  sheet  and  the  heat  treat¬ 
ment  was  identical  for  all  the  specimens  within  a  series.  The  initial  cracks  were  pro¬ 
duced  by  tens ton=tens ion  fatigue  of  specimens  containing  a  small  center  hole.  The 
hole  diameter  never  exceeded  50  percent  of  the  Intial  crack  length.  The  fatigue  cracks 
were  formed  before  heat  treating  in  a  controlled-atmosphere  furnace. 

The  figure  shows  the  net  section  strength  versus  the  initial  crack  length  (Irwin's  2a^, 
Note  that  the  two  solid  lines  representing  the  H-11  and  4340  data  cross  one  another  at  a 
crack  length  of  about  0.  05  inch. 

There  are  two  points  worth  considering.  First,  it  would  appear  that  if  one  is 
evaluating  steels  on  the  basis  of  a  long  crack  but  expects  only  very  short  cracks  to  be 
present  in  a  motor  case,  there  is  the  possibility  of  being  misled.  On  the  basis  of  net 
section  strength  in  the  presence  of,  for  example,  a  half-inch  center  crack,  4340  appears 
to  be  very  much  superior  to  H-11,  -  However,  on  the  basis  of  net  section  strength  in  the 
presence  of  a  crack  only  one-thirty-second  of  an  inch  long,  H-11  appears  to  be  superior. 

Second,  the  curves  shown  here  provide  an  opportunity  to  experimentally  test  the 
mathematical  model  that  Dr,  Irwin  referred  to  in  his  talk.  In  this  respect,  the  results 
are  discouraging  hecause  it  is  obvious  that  the  effect  of  crack  length  cannot  be  accounted 
for  by  use  of  a  single  equation.  The  results  suggest  that  if  we  are  to  rationalize  the  data, 
we  not  only  need  to  use  different  values  but  also  a  different  equation  form  for  each  of 
these  materials. 
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F.  R.  Larson  I  would  like  to  make  a  few  comments  about  fracture  surface 
appearance.  In  nmnmg  tests  on  cylindrica]  specimens  and  studying  different  strength 
levels  and  heat  treatments  in  4340  steel  over  a  range  of  testing  temperatures  j  it  becomes 
quite  apparent  that  there  are  many  features  in  the  surface  appearance  of  the  broken  bars 
which  may  give  inforaiation  to  the  quite  interesting  search  for  the  mechanism  of  how  the 
fracture  actually  occurs.  Fig.  1  illustrates  some  of  these  features.  Aside  from  the 
cleavage  cracking  phenomenon  on  which  quite  a  bit  has  been  said,  one  could  say  that 
there  are  three  different  fracture  zones.  The  origin,  which  is  obviously  a  conical  shaped 
area  with  an  inclusion  on  top  of  it  is  enclosed  by  an  area  which  could  be  described  as 
being  made  up  of  circumferential  ridges.  As  you  move  out  from  the  center  of  the  bar, 
you  find  a  transition  zone  and  these  circumferential  ridges  disappear  and  a  set  of  radial 
markings  appear.  The  radial  nature  of  these  markings  depend  a  great  deal  on  the  lo¬ 
cation  of  the  center  of  the  origin.  If  the  center  of  the  origin  is  slightly  off-center,  you 
get  an  unbalance  in  the  stresses  associated  with  the  propagation  of  these  radial  markings 
and  they  tend  to  have  a  curved  nature  much  as  you  would  see  in  the  so  called  herring¬ 
bone  fracture,  as  it  propagates  along  a  sheet.  Finally,  we  find  the  shear-lip  on  the  edge 
of  the  specimen.  There  are  certain  characteristics  that  change  with  changing  testing 
temperatures.  First,  as  we  decrease  the  testing  temperature,  we  go  from  the  case  of 
circumleiential  markings  (which  can  engross  the  whole  center  section-except  for  the 
shear-lip)  to  the  appearance  of  the  radial  markings  and  then  the  shear-lip  decreases 
markedly  and  seems  to  be  associated  somewhat  with  the  size  or  the  height  ofthe  radial 
markings.  As  we  ftiither  lower  the  testing  temperatures,  the  circumferential  markings 
continue  to  decrease  until  they  disappear.  The  only  thing  that  remains  at  the  fracture 
origin  then  is  an  inclusion.  The  inclusion  is  the  origin  of  fracture  in  both  cases,  but 
the  propagation  from  the  inclusion  is  quite  different  In  each  case.  The  conical  nature 
of  the  origin  in  the  circum  ferentially  marked  area  refutes  any  kind  of  splitting  or  radial 
stresses  which  might  artr.e  from  necking,  causing  a  longitudinal  sp'it.  However,  it 
was  reported  by  Marshall  and  Shaw  that  it  was  a  shear  stress  in  the  shear  plane  that 
initiate  the  iractntre  down  the  side  of  a  cone  from  the  inclusion  origin.  The  primary 
emphasis  they  made  was  that  the  shear  stress  was  modified  by  the  normal  stress  on 
the  shear  plane.  I  would  like  to  suggest  that  the  normal  stress  had  much  greater  in¬ 
fluence  than  they  proposed.  Finally,  as  we  move  into  the  radial  areas,  we  find  con- 
stderahle  longit5;.dx:'ial  splitting.  This  is  probably  due  to  the  high  tangential  stress  in 
the  small  plastic  zo:ne  associated  with  the  rapidly  moving  crack  in  this  general  area. 

1  would  like  to  s  uggest  that  if  people  want  to  have  a  very  interesting  piece  of  detect¬ 
ive  work,  they  cay.^.  spend  many  hours  in  studying  fracture  surfaces. 
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PREPARED  DISCUSSION  =  FOURTH  SESSION 


The  Effect  of  Small  Surface  Cracks  on  Strength 
prepared  by 

J.  E.  Srawley  and  C.  D.  Beachen* 


Tensile  crack  propagation  tests  of  sheet  materials  are  usually  conducted 
on  specimens  with  sharp  notches  or  slots  which  are  quite  large  in  comparison  with 
the  sheet  thickness.  We  feel  that  there  is  a  need  for  experimental  data  on  the  effect 
of  the  size  of  small  cracks  which  do  not  penetrate  through  the  thickness  of  the  sheet. 

We  have  been  able  to  introduce  such  cracks  into  specimens  by  controlled  hydrogen 
embrittlement  cracking,  and  believe  that  the  results  obtained  so  far  with  these  speci¬ 
mens  will  be  of  some  interest  to  those  at  this  Conference. 

Specimens  1  in  wide  were  obtained  from  a  sheet  of  X200  steel,  about 
0.  07  in  thick,  and  were  air  hardened  and  tempered  at  700  F  to  have  a  yield  strength 
of  228  ksi  and  an  ultimate  tensile  strength  of  274  ksi  at  room  temperature.  These 
were  provided  with  central,  transverse  cracks  of  semi-elliptical  shape,  the  smallest 
being  about  0.  01  in  deep  and  0. 05  in  long.  After  cracking,  the  specimens  were  baked 
to  remove  hydrogen  and  tested  in  tension. 

Results  for  three  testing  temperatures  are  shown  in  Figure  1,  in  terms  of 
the  crack  strength  ratio  (nominal  net  fracture  stress  divided  by  ultimate  tensile 
strength)  versus  relative  crack  size  (area  of  the  original  crack  divided  by  specimen 
thickness).  The  points  at  the  right  which  are  circled  refer  to  specimens  with  crack- 
ended  central  slots  which  were  tested  for  comparison.  At  room  temper^ure  the 
effect  of  the  smallest  cracks  is  very  slight,  but  the  strength  decreases  very  rapidly 
as  the  relative  crack  size  increases  in  the  range  0. 01  to  0.  05  inches,  foi  example, 
a  crack  of  relative  area  0. 037,  which  was  about  0, 11  in  long  and  0.  03  in  deep,  reduced 
the  strength  to  less  than  the  yield  strength.  The  results  in  general  suggest  that  there 
is  a  lower  limit  to  the  size  of  crack  which  will  have  an  appreciable  influence  on 
strength,  and  that  this  limit  decreases  markedly  withtemperature.  Beyond  the  border¬ 
line  crack  size,  the  decrease  in  strength  as  the  crack  size  increases  is  very  pronounced. 
The  strength  is  decreased  further  by  a  decrease  in  temperature  (or  the  material  becomes 
more  brittle). 


*  Metallurgy  Division,  U.  S.  Naval  Research  Laboratory,  Washingtion  25,  D.  C. 
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Some  further  tests  were  conducted  at  room  temperature  to  investigate 
a  possible  effect  of  environment  on  the  results.  The  cracks  in  some  specimens 
Were  filled  with  water  or  with  india  ink  during  testing,  while  other  specimens 
Were  first  dehydrated  in  a  vacuum  dessicator  and  subsequently  protected  during 
testing  by  adhesive  patches  enclosing  particles  of  a  dessicant.  The  results  are 
shown  in  Fig,  2  (which  is  on  a  much  larger  scale  than  Fig.  1).  Thetriangular 
points,  representing  water  or  india  ink,  do  appear  to  be  significantly  lower,  on 
average,  than  the  others,  though  the  effect  is  only  of  the  same  order  as  the  general 
scatter  of  results.  These  tests  were  each  completed  in  a  few  minutes,  and  it  is 
quite  possible  that  larger  effects  would  be  observed  in  more  prolonged  tests.  It  is 
also  very  likely  that  the  sensitivity  to  environment  varies  with  material  and  condit¬ 
ion.  The  material  used  here  was  fairly  tough  at  room  temperature  (Kc  about  ksi  • 
inches  ^  full  shear  fracture),  and  a  more  brittle  material  might  be  considerably 
more  sensitive. 
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Figure  1.  Effect  of  Crack  Size  on  Crack  Strength  Ratio 
(Nominal  Net  Fracture  Stress/Ultimate  Tensile 
Strength)  at  Three  Temperatures 
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PREPARED  DISCUSSION  ~  FOURTH  SESSION 


Discussion  of  Paper 

"Plastic  Zone  Near  a  Crack  and  Fracture  Toughness" 

by 

G.  Irwin 
prepared  by 

George  Sachs,  Syracuse  University 


The  merit  of  Dr.  Irwin's  work  is  undisputed.  However,  I  would  like 
to  take  strong  exception  to  the  philosophy  which  he  expressed.  If  we  do  not 
know  how  to  drive  an  automobile  we  may  be  forced  to  use  a  wheelchair.  How¬ 
ever,  if  we  start  to  equip  the  wheelchair  with  powerbrakes  and  powersteering 
we  might  as  well  learn  to  drive  an  automobile.. 

My  background  is  to  a  considerable  extent  in  Applied  Mechanics. 

For  me,  stress  concentration  effects,  as  defined  by  the  theory  of  elasticity 
and  calculated  by  Neuber,  are  more  readily  understandable  than  Dr.  Irwin’s 
calculations.  I  have  discussed  this  problem  with  a  niimber  of  scientists  and 
have  frequently  been  asked  to  act  as  council  for  defending  the  stress  concen¬ 
tration  approach.  Griffith's  theory  is  a  thermodynamical  approach  and  circum¬ 
vents  stress  distributions.  According  to  my  way  of  thinking,  its  combination 
with  stress  distribution  calculations  is  not  permissible  and  does  not  lead  to 
clearly  definable  conclusions. 

Griffith's  theory  is  expressed  by  the  equation  o' =  A/  where  0 
is  the  gross  stress  and  A  a  compound  material  constant  identical  to  the 
gross  stress  for  c  =  1  where  c  is  the  crack  length.  It  postulates,  for  a 
brittle  metal,  that  instability  occurs  for  a  given  combination  of  0  and  c. 

It  also  postulates  the  pre-existence  of  an  extremely  sharp  crack.  The  const¬ 
ant  A,  according  to  Griffith's  initial  concept  which  involves  surface  tension, 
is  very  small,  perhaps  .01  or  .001  of  actually  observed  values.  To  explain 
these,  Orowan  increased  the  constant  A  to  include  a  plasticity  energy  term. 

This  equation  still  remains  the  basic  single-parameter  equation,  and  ^  c  is 
only  another  form  of  the  constant.  Further  leading  refinements  by  Irwin  to 
a  two-parameter  equation  to  account  for  plasticity  make  use  of  arbitrary  and 
non-permissible  calculations.  These  lead  to  a  maximum  strength,  for  infinitely 
small  cracks,  at  a  value  times  the  yield  strength.  There  is  a  very 
peculiar  assumption  hidden  in  such  an  approach.  Finally,  a  correction  for 
finite  specimen  size  is  introduced  from  Westergaard ' s  calculations.  Although, 
this  procedure  appears  valid,  the  correction  foi;  practical  conditions  turns 
out  to  be  only  a  few  percent  and  can  be  usually  neglected.  Therefore,  there 
is  no  need  for  the  use  of  the  resulting  complicated  equations.  Furthermore, 
the  final  result  is  very  similar'  to  that  derived  from  the  Neuber 's  concept  of 
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finite  stress  concentrations,  which  is  much  simpler,  and  this  has  heen  dis¬ 
cussed  in  detail  by  Dr.  Weiss. 

Griffith's  theory  is  also  not  applicable  to  the  effect  of  section 
size,  as  recognized  early  in  this  game,  nor  does  it  lead  to  any  conclusions 
relating  to  such  phenomena  as  a  fast  rate  of  crack  propagation,  critical  crack 
length  and  so  forth.  A  plausible  theory  for  a  distinction  between  slow  and 
fast  rate  of  crack  propagation  does  not  exist.  If  the  claim  is  made  that 
these  phenomena  can  be  explained  on  the  basis  of  a  modified  Griffith's  theory, 
this  becomes  a  matter  of  religion,  rather  than  of  science;  you  either  believe 
it  or  you  do  not  believe  it. 
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PREPARED  DISCUSSION  -  FOURTH  SESSION 


Discussion  of  Paper 
"Embrittlement  by  Liquid  Metals" 
by 

W.  Rostoker 
prepared  by 

J.  M.  McCaughey,  Frankford  Arsenal 


Dr.  Rostoker  has  presented  some  studies  undertaken  on  the  embrittlement 
of  certain  solid  metals  by  liquid  metals.  His  paper  has  been  primarily  centered  on 
brass,  copper  and  steel  and  he  has  shown  conclusively  that  liquid  metal  fracture  is 
definitely  "brittle"  in  nature.  Several  relationships  also  have  been  determined  for  the 
embrittlement  of  aluminum  alloys  by  liquid  metals,  and  I  believe,  they  would  be  of 
interest  to  this  group. 

First,  it  has  been  suggested  that  a  demonstration  of  liquid  metal  embrittle¬ 
ment  Would  be  appropriate  at  this  time. 

This  first  specimen  is  an  alclad  strip  of  2-24-T3  aluminum  alloy  and  as 
you  know,  it  may  be  easily  bent  without  experiencing  any  cracking  or  failure.  However, 
if  a  similar  specimen  has  a  small  amount  of  amalgam  placed  on  it  prior  to  bending, 
fracture  will  take  place  immediately.  No  permanent  deformation  has  taken  place  prior 
to  failure,  indicating  the  stress  required  was  lower  than  the  yield  stress.  The  amalgam 
used  is  primarily  mercury  but  with  some  additives  to  make  it  pasty  for  ease  in  handling, 
and  also  to  enhance  the  embrittlement  phenomenon. 

One  additional  demonstration  can  be  made  to  show  this  effect.  An  1/8  inch 
thick  2024-T3  plate  has  an  indentation  in  the  center  to  give  large  residual  stresses.  If 
some  amalgam  is  now  applied  to  this  area,  fracture  will  take  place  without  the  necessity 
of  the  application  of  an  external  stress. 

Several  relationships  have  been  determined  for  liquid  metal  embrittlement 
of  2024-T3  aluminum  alloy  and  these  are  shown  in  the  following  figures. 

Figure  1  shows  the  role  of  intrinsic  strength  on  the  embrittling  capability  of 
a  liquid  metal.  This  plot  is  essentially  for  dry  fracture  strength  versus  wet  fracture 
strength  (fracture  strength  when  wet  by  a  liquid  metal),  and  it  indicates  that  for  alloys 
with  an  ultimate  tensile  strength  greater  than  60,  000  psi,  the  wet  strength  is  less  than 
the  dry  strength.  The  alloys  with  this  high  strength  are  2024-T4,  7075-T6,  and 
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7001 -T6  and  the  stress  required  for  fracture  (wet)  for  these  alloys  is  actually 
much  lower  than  the  normal  yield  stress.  The  other  alloys  are  also  embrittled 
but  the  stress  required  is  above  the  yield  stress. 

Figure  2  shows  the  quantity  of  liquid  metal  required  for  cracking.  This 
is  for  a  specimen  1/2  inch  thick  by  3  inch  wide  stressed  to  10  percent  of  its 
ultimate  tensile  strength  and  then  wetted  by  the  liquid  metal.  This  figure  indi¬ 
cates  that  4  grains  of  the  amalgam  are  required  for  complete  fracturing  of  the 
test  specimen.  Smaller  amounts  also  produce  cracking  but  incomplete  failure 
of  the  specimen. 

Figure  3  gives  an  indication  of  the  role  of  stress  on  the  embrittlement 
phenomenon.  The  lower  radiograph  shows  a  typical  crack  when  wet  by  mercury 
while  stressed  to  10  percent  of  the  ultimate  strength.  There  is  usually  one  long 
crack  at  right  angles  to  the  stress  direction,  and  then  extensive  branching  at  the 
ends  of  the  crack.  As  the  stress  level  is  increased  prior  to  crack  initiation,  the 
single  crack  decreases  in  length  and  the  branching  increases.  It  is  believed  the 
reason;,  for  this  is  that  with  the  higher  stresses,  there  are  more  components  above 
the  threshold  value  for  crack  initiation. 

Figure  4  is  a  plot  showing  the  effect  of  temperature  on  mercury  em¬ 
brittlement  of  an  aluminum  alloy.  If  one  strain  rate  is  followed,  it  will  be  seen 
that  greater  ductility  is  achieved  prior  to  fracture,  indicating  a  reduction  in  the 
embrittling  propensity  with  increasing  temperatures.  This  figure  shows  also  the 
relationship  for  strain  rate.  As  the  strain  rate  is  increased,  the  ductility  decreases, 
thus  indicating  that  liquid  metal  embrittlement  is  enhanced  with  increasing  strain 
rates . 


Figure  5  shows  a  similar  delayed  failure  curve  for  aluminum  alloys  as 
Dr.  Rostoker  has  presented  for  SAE  4130  steel.  At  a  high  stress  level,  failure 
is  immediate,  but  at  lower  levels,  a  finite  time  is  required  for  failure.  There 
also  exists  a  threshold  stress  below  which  failure  will  not  take  place.  An  inter¬ 
esting  feature  of  this  relationship  is  that  if  the  stress  and  liquid  metal  are  re¬ 
moved  prior  to  fracture,  no  harmful  effects  remain  on  the  specimen.  That  is,  if 
it  were  now  tested,  the  tensile  strength  would  be  the  same  as  for  a  conventional 
specimen. 

Figures  6  and  7  are  radiographs  of  cracks  in  2024-T4  aluminum  alloy 
specimens  when  stressed  and  wetted  with  mercury.  The  first  is  for  uniaxial 
tension  and  in  this  case  the  crack  has  extended  for  approximately  12  inches.  The 
second  is  for  biaxial  tension  and  again  the  crack  has  extended  for  a  long  distance. 

Thus,  it  is  evident  that  liquid  metal  embrittlement  is  not  restricted  to 
only  one  solid  metal -liquid  metal  comMnation.  The  possibility  exists  that  any 
stressed  metal  may  be  made  to  fracture  in  a  brittle  fashion  if  wetted  by  the 
appropriate  liquid  metal. 
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Figure  1.  Relationship  Between  Normal  Tensile 
Strength  of  Commercial  Aluminum  Alloys  and 
Their  Fracture  Strength  When  Wetted  with  a 
Mercury  Amalgam 
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Figure  2.  Crack  Length  as  a  Function  of 
Amount  of  Liquid  Amalgam  Used 
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Figure  3.  Crack  Pattern  in  Aluminum  Alloy 
Plate  (2024-T3)  as  a  Function  of  the 
Applied  Stress 
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Figure  4.  Correlation  of  Temperature  and  Strain  Rate 
with  Ductility  of  2024-T4  Aluminum  Alloy  Wetted 
with  a  Liquid  Amalgam 


Figure  5.  Time  to  Failure  for  a  2024-T4  Aluminum 
Alloy  Wetted  with  an  Amalgam  as  a  Function  of 
Statically  Applied  Stress 
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F igure  6 


Figure  7 


.  Radiograph  of  Crack  in  Aluminum  Specimen 
Stressed  Uniaxially  and  Wetted  with  Mercury. 
(Crack  Approx.  12  inches  Long) 


Radiograph  of  Crack  in  Aluminum  Specimen 
Stressed  Biaxially  and  Wetted  with  Mercury. 
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TRANSCRIBED  DISCUSSION  -  FOURTH  SESSION 


Seventh  Sagamore  Conference 


A.  Hurlich  I  would  like  to  suggest  to  Mr.  Srawley  that  he  apply  his 

technique  of  surface  cracking  test  specimens  to  pin  down  the  problem  of  decarb¬ 
urization.  I  venture  to  predict  that  a  decarburized  surface  will  permit  a  much 
larger  flaw  to  exist  before  we  have  a  measurable  decrease  of  the  fracture  strength 
of  the  material.  I  think  this  might  be  a  good  experimental  technique  to  nail  this 
point  down.  In  respect  to  Mr.  Corten’s  talk,  I  would  like  to  make  a  comment  be¬ 
cause  I  think  that  his  statement  was  extremely  pertinent  to  a  development  that 
has  been  occurring  over  the  last  two  years.  In  the  aerospace  industry  and  in  the 
Air  Force  it  has  become  very  popular  to  bandy  about  the  word  "'reliability ",  I 
think  this  word  is  a  semantically  unclear  one,  though  a  very  glamorous  one,  and 
as  a  consequence  we  have  seen  the  growth  of  large  reliability  groups  nowin  the 
missile  companies.  In  fact,  in  some  companies  there  are  more  people  in  the  re¬ 
liability  group  tl^  are  evaluating  the  reliability  of  the  missile  than  there  are  people 
designing  the  missile.  Fortunately,  a  lot  of  these  reliability  people  do  nothing  more 
innocuous  than  collect  statistics  from  service  failures.  Unfortunately,  however,  a 
large  number  of  them  insist  on  earning  their  money  by  demanding  extensive  reliabil¬ 
ity  testing  and  they  are  immune  to  the  argument  that  reliability  testing  is  often  per¬ 
formed  at  the  expense  of  reliability.  In  as  much  as  missiles,  because  of  weiglt 
limitations,  operate  at  stress  levels  high  up  in  the  finite  life  portion  of  the  S-N  fa¬ 
tigue  diagram,  the  more  reliability  testing  one  does,  the  more  one  extracts  from  the 
remaining  life  of  the  rocket  motor  casing  or  other  critically  stressed  components. 

I  think  the  people  in  the  solid  propellant  missile  industry  are  fairly  lucky  because 
once  you  touch  the  match  to  the  motor,  it  has  gone  off  and  you  cannot  do  much  about 
it.  We  who  are  in  the  liquid  propellant  missile  business,  however,  are  less  fortunate 
because  our  engines  can  be  turned  on  and  off  and  operated  time  and  again.  Conse¬ 
quently,  by  the  time  a  liquid  propellant  missile  reaches  the  firing  pad,  it  has  al¬ 
ready  undergone  a  very  large  number  of  reliability  tests.  The  propulsion  system,  the 
pneumatic  system,  the  guidance  system,  and  all  other  types  of  systems  have  been 
tested  to  a  point  where  they  probably  have  a  very  good  chance  of  failing  on  the  mis¬ 
sile  launch  because  we  have  extracted  so  much  of  the  reliability  from  the  stmcture. 

I  would  like  to  suggest  to  Mr.  Corton  that  he  could  do  the  nation  a  real  benefit  by 
travelling  around  to  the  various  industries  and  speaking  to  reliability  people  and 
urging  them  to  cease  some  of  this  horrible  reliability  testing  that  I  see  going  on. 

Also,  if  a  pressure  vessel  is  designed  to  operate  at  a  certain  pressure,  proof  testing 
it  at  a  very  much  higher  pressure  not  only  does  not  assure  that  it  will  subsequently 
perform  reliablity  at  the  design  pressure,  but  may  have  actually  caised  the  extension 
of  flaws  such  that  it  is  now  prone  to  fracture  at  lower  pressures.  I  am  gratified  that 
Mr.  Corton  has  pointed  out  the  dangers  inherent  in  proof  testing  pressure  vessels  at 
unreasonably  high  "over-pressures".  This  danger  becomes  progressively  more  severe 

i 
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in  the  high  strength,  relatively  brittle  materials. 

The  strength  and  fatigue  performance  of  pressure  vessels  made  from  soft, 
ductile  and  tough  materials  can  actually  be  improved  by  over=pressure  testing  as 
a  result  of  slight  deformations  vhich  remove  eccentricities  and  produce  some  cold 
working,  but  this  cannot  be  extrapolated  to  the  high  strength,  brittle  materials  being 
used  for  rocket  motor  cases. 

B.  M.  Wundt  Dr.  Weiss'  paper  is  a  rational  attempt  to  summarize 

concisely  the  current  views  on  theories  of  f'-acture.  In  this  he  has  succeeded  well. 

I  would  like  to  add  a  few  comments  which  may  help  to  elucidate  the  problem. Per¬ 
taining  to  Neuber's  particle  sizeri  it  may  be  of  interest  that  an  English  physicist, 

C.  Gurney,  had  suggested  in  1946  (ref.  IW)  an  interesting  treatment  for  high  stress 
concentration  factors  in  sharp  ended  cracks.  He  assumed  that  cracks  degenerate  from 
notches  which  have  an  elliptic  shape.  In  order  to  obtain  an  "effective"  stress  concen¬ 
tration,  an  "average  stress"  over  a  small  area  of  dimension  A  at  the  end  of  the  major 
axis,  2a,  of  the  ellipse  is  computed.  This  "effective"  stress  concentration  which  is 
computed  in  terms  of  s^(a/r)  is  shown  in  Gurney's  Fig.  2  as  a  function  of  the  ratio 
A  A,  where  r  is  the  radius  of  curvature  at  the  end  of  the  major  axis.  Gurney  points 
out  that  in  a  particularly  important  case,  when  r/A  ==  1,  i.  e.  when  the  radius  of 
curvature  is  equal  to  the  particle  size  (atomic  dim.),  the  "effective"  stress  concen¬ 
tration  factor  is  only  about  half  of  the  maximum  stress  concentration  which  otherwise 
occurs  at  the  boundary  of  the  elliptical  hole.  When  the  radius  of  curvature  is  made  to 
approach  zero  and  when  the  minor  axis  of  the  ellipse,  2b,  vanishes,  Gurney's  formulae 
yield  for  the  "effective"  stress  concentration  factor  for  a  sharp  ended  crack  of  length 
2a,  1.  8^  (a/  A  For  "particle  size"  A  “  0. 001  in. ,  0. 0025  in.  or  0.  010  in. ,  the 
"effective"  stress  concentration  factor  is  57,  36  and  18  respectively;  when  the  central 
crack  length  2a  -•  2in, 

In  connection  with  the  stress  intensity  coefficient,  it  should  be  noted  that  Dr. 
Irwin  has  pointed  out  (ref.  W2  eq,  10)  that  it  may  be  obtained  as  a  limit  of  the 
following  expression  when  the  radius  of  curvature  approaches  zero: 

=  Lim  1|3  /r  ] 
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In  Older  to  obtain  Kj  for  a  given  configuration  it  is  necessary  to  know  the 
theoretical  stress  concentration  factor  Kj-  as  a  function  or  ihdius  of  curvature  r 
and  plot  the  product  as  a  function  of  r.  Its  value  for  r  *  0  is  obtained  by 

extrapolation.  The  discusser  has  used  this  procedure  with  the  help  of  Peterson's 
book. 


Dr.  Weiss  points  out  that  the  Griffith -Irwin  fracture  mechanics  breaks 
down  as  soon  as  the  crack  length  becomes  small.  This  is  inherent  in  the  form¬ 
ula,  but  for  practical  purposes  the  correct  strength  behavior  may  be  easily  ap¬ 
proximated  by  the  application  of  the  known  boundary  conditions.  This  is  shown 
clearly  in  Fig.  11  of  the  discusser's  paper  (39)  and  in  reference  W4. 

Dr.  Weiss  mentioned  the  work  which  Prof.  Neuber  is  doing  under  contract 
with  WADD.  The  discusser  doubts  if  the  extension  of  the  theory  of  stress  con¬ 
centration  will  help  to  solve  the  problems  of  notch-strength  variation  connected 
with  the  fracture  appearance  transition  temperature.  For  instance,  in  Fig.  6  of 
ref.  W3,  the  average  notch -strength  of  large  flat  specimens  of  constant  geometry, 
equipped  with  pre-existing  cracks,  is  shown  as  a  function  of  temperature.  This 
figure  indicates  a  most  significant  notch-strength  behavior,  at  temperatures  above 
150  F  the  notch H^trength  is  about  120, 000  psi,  but  at  temperatures  below  125  F 
the  notch-strength  is  only  60, 000  psi.  In  the  transition  range  between  125  Ftand 
150  F  there  is  a  rapid  change  in  notch-strength.  The  strength  and  ductility  prop¬ 
erties  of  smooth  tension  specimens  from  the  same  steel  are  shown  in  Fig.  4of 
ref.  W3.  It  is  seen  that  the  strength  behavior  in  the  temperature  range  between 
125  and  150  F  is  not  at  all  indicative  of  the  change  which  occurs  in  the  notch- 
strength  behavior.  The  discus sor  cannot  understand  how  Prof.  Neuber's  exten¬ 
sion  of  the  theory  of  stress  concentrations,  based  on  tme  stress -strain  diagrams 
of  smooth  specimens,  will  be  helphil  in  the  analysis  of  behavior  of  cracked  or 
very-sharp  notched  specimens  near  the  temperature  transition  range.  I  also  fail 
to  see  how  Neuber's  finite  particle  q  ,  as  discussed  by  Dr.  Weiss,  could  be  used 
to  attack  the  above  problem.  * 


•  References  for  Wundt's  Discussion; 

W1  C.  Gurney,  The  Effective  Stress  Concentration  at  the  End  of  a  Crack  in 
Materials  having  Atomic  Constitution,  Ph.  Mag.  7,  39  (1948)  pp  71-76 
W2  G.  R.  Irwin,  J.  A.  Kies,  H.  L.  Smith,  Fracture  Strength  Relative  to  Onset 
and  Arrest  of  Crack  Propagation,  Proceedings  AETM  Vol.  58  (1958)  pp  640-660 
W3  E.T.  Wessel,  The  Influence  of  Pre-Existing  Sharp  Cracks  on  Brittle  Fracture 
of  a  Nickel -Molybdenum -Vanadium  Forging  Steel,  Trans.  Am.  Soc.  for  Metals 
(1960)  pp  277-306 

W4  Discussion  of  W3  by  B.M.  Wundt,  pp  300-302 
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I  would  like  to  suggest  to  Prof.  Corten  that  if  he  would  like  to  initiate 
a  crack  very  easily,  a  nitrided  case  5  mm  thick  at  the  apex  of  the  notch  will 
do  it.  Also,  nitriding  of  the  specimen  surfaces  will  probably  eliminate  shear 
lips  which  interfere  with  crack  propagation. 

I  Would  like  to  ask  Dr.  Rostoker  if  the  surface  adsorption  theory  which 
was  studied  for  some  time  by  Prof,  Rebinder  in  the  USSR,  is  the  same  phe¬ 
nomenon  which  he  is  describing'? 

W.  Rostoker  This  surface  energy  concept  in  mechanical  proper¬ 
ties  is  similar  to  Prof.  Rebinder’s.  The  approaches  to  validating  the  concepts 
as  presented  here,  however,  are  new. 


V..  Weiss  With  respect  to  Mr.  Wundt’s  first  comment  pertaining 

to  and  C.  Gurney’s  work,  I  would  like  to  point  out  that  Gurney ’sAis  equivalent 
to  Neuber’s  q  for  an  elliptical  hole,  axes  a  and  b  and  radius  of  curvature 
r  =  -la,  at  x  ==  a  the  stress  .concent  rat  ion  factor  is  given  by  K  =  1  +2  4  or  for 


After  assuming  an, 


or  1.1 

Gurney's  K  =  1, 1  4  and  1.  8 


average  stress  over  a  particle 


sharp  cracks  2  |  -  2 

of  size  q  Neuber  finds  forl^*  r^ch  angle,  K  -  which  yields  for  r  =  q 

r\r  1  1  Is  ariH  versus 


-and  for  r  ~  0,  K 

for  the  same  ass'umptibns,  respectively. 


Mr.  Wundt's  second  comment  pertains  to  the  relationship  between  the 
stress  concentration  and  the  stress  intensity  factor.  It  appears  to  me  that  there 
is  no  reason  why  for  sharp  notches,  the  limit  of  the  above  expression  cannot  be 
formed  with  the  help  of  Neuber's  q  ,  i.e. 

'~yC  =  Lim  -A  Cd  cr  ~  ^  \|  ^ 

J\^  2  max  2  max  ^  max  ^  2 

r — ►  0 

ivhich  is  identical  to  eqniation  (9)  in  ref,  (W2). 


On  the  other  hand  the  stress  intensity  factor  can  also  be  expressed  in 
terms  of  c  and  the  crack  length,  as  shown  below 
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With  regard  to  the  third  question  relating  to  fracture  appearance  transition 
temperature,  it  is  obvious  that  ail  present  macroscopic  fracture  concepts  measure 
the  consequences  of  the  occurrence  of  such  a  transition  rather  than  to  predict  it. 
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Only  Cottrell’s  and  Fetch's  work  points  towards  the  possiblity  of  predicting  the  duc  = 
tility  transition  phenomenon  on  the  basis  of  the  yield  point  and  the  dislocation  un¬ 
pinning  stress.  Although  critical  experiments  will  have  to  decide  the  feasibility  of 
such  an  approach,  there  is  no  reason  why,  with  a  knowledge  of  the  stress -strain 
curves  of  smooth  specimens,  the  ductility  transition  behavior  for  various  notch  con¬ 
figurations  cannot  be  predicted.  I  completely  agree  with  the  last  statement  as  I 
have  repeatedly  pointed  out  that  h  has  nothing  whatsoever  to  do  with  plasticity, 

G,  Sachs  I  would  like  to  make  a  few  additional  remarks  which  I 

hope  will  help  to  clarify  the  divergencies  in  opinion.  Neuber  assembles  in  his  book, 
the  knowledge  of  the  effects  of  stress  raisers  on  the  stress  distribution  under  elastic 
conditions.  In  addition,  he  advances  the  hypothesis  that  a  sharp  crack  does  not 
exist,  apparently  based  on  some  previous  tests  that  the  theory  of  elasticity  predicts 
stresses  which  are  too  high  for  very  high  stress  concentrations.  The  hypothesis 
leads  to  the  result  that  a  crack  acts  like  a  notch  having  a  certain  radius  which  de¬ 
pends  on  the  metal  involved.  This  explains,  why  a  simple  V-notch  with  a  very 
small  radius  has  the  same  effect  as  a  crack,  but  the  radius  must  be  very  small 
In  other  words,  the  assumed  elastic  stress  concentration  must  be  very  high  to  lead 
to  a  minimum  notch  strength.  The  shape  of  an  "Eloxed”  notch,  as  used  by  Irwin, 
does  appear  to  me  to  possess  too  large  a  radius  in  this  respect.  Actual  cracks,  on 
the  other  hand,  lead  to  the  suspicion  that  their  production  introduces  some  changes 
in  the  material  quite  different  from  those  resulting  from  a  running  crack  in  static 
loading. 

Regarding  a  plasticity  correction,  the  fact  which  must  be  explained  numer¬ 
ically  is  the  reduction  of  stress  concentration  caused  by  plastic  flow,  Hardrath, 
et  al.  at  Langley  Research  Center  have  found  that  modifying  the  elastic  value  to 
include  both  plastic  and  elastic  strains,  yields  a  practically  useful  equation.  We 
find  that  a  similar  approach  also  explains  the  fracture  values  or  notch-strength  of 
semi-brittle  materials,  as  presented  by  Dr.  Weiss.  A  similar  approach  has  been 
used  by  Gerard  at  N.  Y.U.  The  relations  obtained  appear  considerably  more  real¬ 
istic  and  lucid  than  those  based  on  Orowan’s  and  Irwin's  modifications  of  Griffith's 
theory. 


Regarding  comparison  of  experimental  data,  it  must  be  kept  in  mind  (a) 
that  the  section  size  effect  is  not  a  subject  of  Griffith's  theory,  but  that  only  the 
length  of  the  notch  appears  in  this  theory  and  (b)  that  full  understanding  of  the  re¬ 
lation  presupposes  that  the  effects  of  other  pertinent  variables,  in  particular  those 
of  biaxiality  and  section  size  or  stress  gradient,  on  the  ductility  are  known.  Gross 
effects  in  metallurgy,  unfortunately,  are  found  generally  to  result  from  a  combination 
of  several  basic  effects.  Although,  some  empirical  relation  may  be  applicable  to 
a  limited  amount  of  test  data  no  generalization  is  permissible  and  full  success  cannot 
be  expected  until  each  physical  phenomenon  involved  is  fully  recognized  and  evaluated. 
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J»  Sohn  I  Would  like  to  ask  Dr.  Rostoker  to  comment  on  the  antithesis  of 

the  surface  tension  being  lowered  by  a  liquid  wetting  it,  in  other  words,  the  cases  where 
surface  tension  is  raised  by  some  liquids.  An  example  would  be  the  raising  of  fatigue 
strength  by  coating  the  surface  with  oil. 

W.  Rostoker  The  effect  of  raising  fatigue  strength  by  a  liquid  metal  is  rare.  It 
is  not,  however,  impossible  to  rationalize.  Remember  that  all  metals  are  clothed  by 
their  oxides.  An  interfacial  energy  system  exists  between  the  metal  and  its  oxide  which 
may  be  less  than  the  interfacial  energy  between  the  metal  and  another  liquid. 

G.  K.  Matining  Battelle  made  two  series  of  center -cracked  tests  in  which  the  only 
variable  was  the  initial  crack  length.  One  series  was  made  of  "4  J40  steel,  the  other  of 
H-11  steel.  The  specimens  of  each  series  were  from  the  same  sheet  and  the  heat  treat¬ 
ment  was  identical  for  all  the  specimens  within  a  series.  The  initial  cracks  were  pro¬ 
duced  by  tens  ion-tens  ion  fatigue  of  specimens  containing  a  small  center  hole.  The 
hole  diameter  never  exceeded  50  percent  of  the  Intial  crack  length.  The  fatigue  cracks 
Were  formed  before  heat  treating  in  a  controlled-atmosphere  furnace. 

The  figure  shows  the  net  section  strength  versus  the  initial  crack  length  (Irwin’s  23^). 

Note  that  the  two  solid  lines  representing  the  H-11  and  4340  data  cross  one  another  at  a 
crack  length  of  about  0.  05  inch. 

There  are  two  points  worth  considering.  First,  it  would  appear  that  if  one  is 
evaluating  steels  on  the  basis  of  a  long  crack  but  expects  only  very  short  cracks  to  be 
present  in  a  motor  case,  there  is  the  possibility  of  being  misled.  On  the  basis  of  net 
section  strength  in  the  presence  of,  for  example,  a  half-inch  center  crack,  4340  appears 
to  be  very  much  superior  to  H-11.  However,  on  the  basis  of  net  section  strength  in  the 
presence  of  a  crack  only  one -thirty-second  of  an  inch  long,  H-11  appears  to  be  superior. 

Second,  the  curves  shown  here  provide  an  opportunity  to  experimentally  test  the 
mathematical  model  that  Dr,  Irwin  referred  to  in  his  talk.  In  this  respect,  the  results 
are  discouraging  because  it  is  obvious  that  the  effect  of  crack  length  carmot  be  accounted 
for  by  use  of  a  single  equation.  The  results  suggest  that  if  we  are  to  rationalize  the  data, 
we  not  only  need  to  use  different  values  but  also  a  different  equation  form  for  each  of 
these  materials.  _ 
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Total  Initial  Crack  Length  ,  inches  n-totss 


Net  Section  Strength  vs  Initial  Crack  Length 
(4340  vs  H-11) 
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F„  Ro  Larscffi  I  would  like  to  make  a  few  comments  about  fracture  surface 
appearance.  In  nmining  tests  on  cylindrical  specimens  and  studying  different  strength 
levels  and  heat  treatments  in  4340  steel  over  a  range  of  testing  temperatures ,  it  becomes 
quite  apparent  that  there  are  many  features  in  the  surface  appearance  of  the  broken,  bars 
which  may  give  infounatioEs  to  the  quite  interesting  search  for  the  mechanism  of  how  the 
fracture  actually  occurs  o  Fig.  i  illustrates  some  of  these  features.  Aside  from  the 
cleavage  cracking  phenomenon  on  which  quite  a  bit  has  been  said,  one  could  say  that 
there  are  three  different  fracture  zones.  The  origin,  which  is  obviously  a  conical  shaped 
area  with  an  isiclusion  on  top  of  it  is  enclosed  by  am  area  which  could  be  described  as 
being  made  up  of  ci.raitmferB5itia.l  ridges.  As  you  move  out  from  the  center  of  the  bar, 
you  find  a  traEisition  zone  and  these  ci.rcumferential  ridges  disappear  and  a  set  of  radial 
markings  appear.  The  radial  nature  of  these  markings  depend  a  great  deal  onthe  lo¬ 
cation  of  tht:;  center  o,f  the  origin.  If  the  center  of  the  origin  is  slightly  off-center,  you 
get  an  unbalance  in  the  stresses  associated  with  the  propagation  of  these  radial  markings 
and  they  tend  to  have  a  curved  nature  much  as  you  would  see  in  the  so  called  herring¬ 
bone  fracture,  as  it  propagates  along  a  sheet.  Finally,  we  find  the  shear-lip  on  the  edge 
of  the  specim.eini.  There  are  certain  characteristics  that  change  with  changing  testing 
temperatures.  First,  as  we  decrease  the  testing  temperature,  we  go  from  the  case  of 
circumleresitial  markings  (which  can  engross  the  whole  center  section -except  for  the 
shear-lip)  to  the  appearance  of  the  radial  markings  and  then  the  shear-lip  decreases 
markedly  and  seems  to  be  associated  somewhat  with  the  size  or  the  height  ofthe  radial 
markings.  As  we  Slither  lower  the  testing  temperatures,  the  circumferential  markings 
continue  to  decrease  until  they  disappear.  The  only  thing  that  remains  at  the  fracture 
origin  then  is  a.t  friclusfon.  The  mcJusion  is  the  origin  of  fracture  in  both  cases,  but 
the  propagatio,n  from  the  inclusioxn.  is  quite  different  in  each  case.  The  conical  nature 
ofthe  origin  in  the  circumferentially  marked  area  refutes  any  kind  of  splitting  or  radial 
stresses  which  might  an.se  from  rtecking,  causing  a  longitudinal  split.  However,  it 
was  repoited  by  Marshall  and  Shaw  that  it  was  a  shear  stress  in  the  shear  plane  that 
initiate  the  ftacture  dow,n  the  side  of  a  cone  from  the  iniclusion  origin.  The  primary 
emphasis  they  made  was  that  the  shear  stress  was  modified  by  the  normal  stress  on 
the  shear  plane.  I  would,  like  to  suggest  that  the  normal  stress  had  much  greater  in¬ 
fluence  than  they  proposed.  PiriaJiy,  as  we  move  into  the  radial  areas,  we  find  con¬ 
siderable  longviudiiiai  spl?.tttn^.g.  Thi'^  is  probably  due  to  the  high  tangential  stress  in 
the  small  p.la7tih..  zn.re  a"^  ^^.■^,3ted  with  the  rapidly  moving  crack  in  this  general  area. 

I  would  like  to  suggest  rhat  if  people  want  to  have  a  very  interesting  piece  of  detect¬ 
ive  work,  they  car'  ■jp'eod  many  hours  ir  studying  fracture  surfaces. 


I.V- 1,88 
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MECHANICAL  SCREENING  TESTS 
FOR  SHEET  ALLOYS 

By  W.  F.  Brown  Jr."' 


INTRODUCTION  ' 

A  screening  test  is  one  that  will  permit  the  sorting  of  materials 
in  relation  to  some  property  measured  under  a  given  set  of  conditions. 
In  this  respect  the  conventional  tensile  test  is  a  screening  test  in 
.  that  materials  may  be  rated  according  to  their  tensile  or  yield 
strengths  at  some  particular  test  temperature.  However,  for  high 
strength  alloys  the  conventional  tensile  test  does  not  yield  strength 
values  that  are  always  realizable  in  service.  The  service  strength  is 
frequently  limited  by  the  presence  of  so-called  "brittle"  fracture 
which  may  occvir  at  a  fraction  of  the  yield  strength  in  the  presence 
of  high  stress  concentrations  such  as  cracks  or  crack-like  flaws.  In 
this  case  there  is  need  for  a  test  which  vn,ll  measure  resistance  to 
this  brittle  fracture. 

In  selecting  a  suitable  screening  test  several  requirements  should 
be  kept  in  mind;  (l)  The  test  should  incorporate  the  essential  fea¬ 
tures  of  the  stress  field  surrounding  a  crack.  (2)  The  sensitivity  of 
the  test  should  be  sjifficient  to  reveal  changes  in  material  brittle¬ 
ness  as  influenced  by  composition  and  heat  'treatment,  (3)  The  test 
should  permit  repid  evaluation  of  a  large  number  of  alloys  and  alloy 
conditions  with  a  minimum  expenditure  of  time,  money  and  material. 

(U)  The  test  should  be  easily  conducted  even  by  those  with  minimum 
training  in  stress  analysis  or  metallurgy. 


CLASSIFICATION  OF  SCREENING  TESTS 

A /large  number  of  tests  have  been  used  to  assess  the  relative 
brittl4ness  of  sheet  alloys.  Some  of  these  were  developed  for  other 
purposes  and  have  been  adapted  to  sheet  testing  while  some  were  de¬ 
veloped  specifically  for  screening  sheet  i^pterials. 

With  few  exceptions  these  tests  incorporate  some  form  of  stress 
raifeer  such  as  a  natural  crack  or  notch,  ^owever,  many  different 
nolich  configurations  have  been  employed  and  both  tensile  or  bending 
lofads  are  applied  either  statically  or  dynamically, 

''^Chief,  Strength  of  Materials  Branch,  ilASA'  Lewis  Research  Center, 
Clevelaxxl,  Ohio 


The  various  tests  may  be  conveniently  classified  according  to  spec¬ 
imen  geometry  and  method  of  loading,  as  follows:  (l)  center  notch  ten¬ 
sile  tests,  (2)  edge  notch  static  or  impact  tensile  tests,  (3)  edge  notch 
static  or  inqjact  bend  tests,  (U)  notched  impact  bulge  tests  and  (3)  tests 
on  unnotched  specimens.  Information  concerning  these  tests  is  given  in 
figures  1  to  9  which  show  the  essential  geometrical  features,  method  of 
loading  and  data  most  commonly  reported.  In  addition,  the  persons  or 
organizations  primarily  concerned  with  the  test  development  are  indicated 
Certainly  this  list  is  not  complete  but  does  include  the  tests  most  com¬ 
monly  employed  for  screening  alloys.  The  following  discussion  will  brief 
ly  describe  the  various  tests  and  where  possible  discuss  some  of  their 
advantages  and  limitations.  Later  the  screening  tests  recommended  by  the 
ASTM  Special  Conunittee  on  the  Fracture  Testing  of  High  Strength  Sheet 
Materials  will  be  considered  in  more  detail.  Our  panel  members  will  also 
further  discuss  certain  other  of  the  more  widely  used  specimens. 

Center  notched  tensile  tests:  The  basic  specimen  type  is  shown  in 
Figtire  1  and  consists  of  a  sheet  with  some  type  of  central  slot.  It 
will  be  noted  that  a  wide  range  of  widths  and  various  slot  configura¬ 
tions  have  been  used.  However,  the  slot  length  to  width  ratio  is  gen¬ 
erally  between  0.3  and  0.5.  In  most  cases  there  is  an  attempt  to  sharpen 
the  end  of  the  slot,  the  ultimate  sharpness  being  obtained  with  a  natural 
crack  used  by  Srawley  at  NEIL,  (l)  (2)  In  the  case  of  ELoxed  slots  it 

is  very  difficult  to  reduce  the  end  radius  below  about  0.002  inch.  With 
saw  cuts  the  slot  widths  are  limited  to  greater  than  about  0.005  inch. 
Generally  the  larger  slot  end  dimensions  have  been  only  used  on  the  very 
wide  specimens.  The  specimen  proposed  by  Kattus  and  Morrison  (3)  has  a 
cold,  worked  area  at  the  "shear  crack"  tip  and  for  some  alloy  conditions 
a  naltural  crack  may  be  present  at  this  location.  This  test  appears  to 
have  certain  advantages  and  Mr.  Morrison  will  describe  it  further. 

Edge  notch  static  or  intact  tensile  tests:  The  basic  specimen  type 
is  shown  in  Figurb  2.  The  edge  notches  are  machined  into  the  sheet  and 
with  care  radii  less  than  0.0007  inch  can  be  consistently  produced.  The 
notch  angle  has  generally  been  either  li5°  or  60°  and  the  ratio  of  totiQ. 
notch  length  to  specimen  width  in  the  range  between  0.3  and  O.U.  There 
is  some  question  as  to  the  necessity  for  iii;>act  loading  and  this  point 
will  be  discussed  more  fully  by  Mr.  Brothers.  It  is  to  be  emphasized 
that  very  sharp  notches  are  necessary  to  yield  meamingful  results. 

Edge  notch  static  or  impact  bend  specimens:  The  basic  specimen 
type.  Figure  3,  is  a  sheet  with  one  edge  notch  which  is  subjected  to 
bending  moments  in  the  sheet  plane  with  the  notch  on  the  tension  side. 

A  variation  of  this  type  is  the  edge  notch  modified  Kahn  test  which  is 
a  sharply  notched  eccentrically  loaded  tension  specimen.  The  Charpy  im¬ 
pact  is  a  sheet  specimen  with  the  plane  dimensions  of  a  standard  Charpy 
bar.  Both  it  and  the  slow  bend  test  (Boeing)  have  a  mild  notch  (O.OlO 
inch  radius) .  Tests  with  such  mild  notches  have  the  disadvantage  that 
considerable  plastic  energy  may  be  used  in  initiating  a  crack  at  the 
notch  root  and  therefore  the  test  may  not  reveal  brittleness  that  could 
occur  in  the  presence  of  an  initial  crack. 


The  taper  notch  specimen  developed  by  Hartbower  and  Orner  (U)  at 
Watertown  Arsenal  has  the  desirable  feature  of  providing  very  good  crack 
starting  characteristics  without  the  machining  of  an  extremely  sharp 
notch.  This  results  from  the  presence  of  a  feather  edge  at  the  junction 
between  the  two  notches  at  the  top  of  the  specimen. 

There  appear  to  be  no  particular  advantages  of  the  slow  bend  tests 
in  Figure  3  over  the  notched  tensile  tests  previously  described.  The 
in?)act  test,  of  course,  has  the  advantage  of  testing  equipment  sinqjlic- 
ity  if  only  the  energy  to  fracture  is  measured  and  it  is  quite  rapid  to 
perform.  On  the  other  hand,  the  testing  of  a  thin  sheet  edge  notch  speci¬ 
men  in  bending  requires  special  precautions  to  avoid  buckling.  In  addi¬ 
tion,  the  energy  absorbed  by  the  very  brittle  conditions  may  be  so  low 
that  special  iii?)act  machines  with  low  pendulum  mass  must  be  used  to  ob¬ 
tain  accurate  values.  The  analysis  of  such  specimens  to  obtain  K^. 
values  is  possible;  however  additional  instrumentation  is  necessary 
and  limits  on  the  geometry  have  not  been  established. 

The  Douglas  tear  test  was  developed  by  Schaplro  and  recently  des¬ 
cribed  by  Vigor  and  Hornaday  (5) .  This  test  has  been  used  to  predict 
the  formability  of  titanium  sheet  with  particular  reference  to  Hg  em¬ 
brittlement.  The  test  starts  as  a  one-inch  square  with  a  l/l6-inch 
hole  at  its  center.  A  saw  cut  connects  this  hole  to  one  edge  forming 
a  slot.  The  ears  are  formed  by  90°  bends  located  approximately  one- 
quarter  inch  from  the  central  hole.  After  bending  the  test  piece  is 
torn  by  means  of  hooks  engaged  in  the  large  holes.  Generally,  the  work 
to  produce  a  crack  of  a  given  length  (about  l/U  inch)  is  measured,  this 
being  determined  from  an  oscillographic  load  versus  time  graph.  This 
test  has  proven  quite  successful  in  detecting  H2  embrittlement  in  Ti 
alloy  sheet.  However,  from  the  geometry  of  the  specimen,  it  is  not 
clear  as  to  how  the  test  can  represent  the  action  of  an  initially 
present  crack.  It  would  seem  that  a  very  sharp  ended  slot  would  im¬ 
prove  the  situation  in  this  respect. 

Notch  ing?act  bulge  tests;  The  basic  type  of  specimen.  Figure  U,  is 
a  square  sheet  generally  containing  a  central  stress  raiser.  Loading  is 
by  intact  rubber  bulging  (Pxizak  (6))  or  by  dropping  a  weighted  ball  onto 
the  slotted  area  (Rayan  Aero.). 

In  the  case  of  Fuzak' s  test  a  small  inert  gas  arc  fusion  weld  (with¬ 
out  filler)  is  made  at  the  plate  center.  A  notch  is  then  ground  longitu¬ 
dinally  into  the  surface  of  this  brittle  weld.  The  specimens  are  brought 
to  temperature  either  in  a  furnace  or  in  a  liquid  low  temperature  bath. 

The  specimen  is  then  quickly  transferred  to  the  impact  bulger  shown  in 
Figxire  5,  and  a  300  to  $00  pound  weight  dropped  on  the  ram  from  a  height 
of  about  8  feet.  A  crack  starts  at  the  weld  notch  and  propagates  across 
the  sheet.  Some  exan^^les  of  the  fractures  are  given  in  Figure  6  for  four 
steels  at  a  hardness  level  of  53  -  $h  Rc  tested  at  -32°F.  After  the  test 
the  fracture  sxu'face  is  examined  to  determine  the  percent  shear.  This 
measurement  is  made  about  one-half  inch  outside  the  weld  heat  affected 
zone.  Tests  are  made  over  a  range  of  te^^)eratures  in  order  to  develop 
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the  shear  transition  ten^jeraturo  (Figure  ?)•  The  transition  temperature 
so  defined  appears  to  agree  with  that  determined  using  center  cracked 
tensile  tests  (Figure  8).  Puzak*s  test  has  also  been  suggested  to  eval¬ 
uate  weldments.  The  specimen  is  then  made  up  of  two  halves  welded  to¬ 
gether,  and  the  amount  of  plastic  strain  controlled  by  limiting  the 
bulge  height  by  means  of  a  die  cup.  The  fractures  will  presumably 
initiate  at  weld  defects  and  run  along  brittle  zones.  This  Impact  die 
bulge  seems  to  have  considerable  promise  for  rapid  screening  both  par¬ 
ent  materials  and  weldments.  Unfortunately,  very  little  data  has  been 
obtained  with  this  test. 

The  drop  ball  in^jact  test  has  been  used  primarily  as  a  measure  of 
crack  initiation  rather  than  propagation,  the  highest  ii^pact  value 
which  will  not  cause  a  visible  crack  being  reported.  The  test  is  rel¬ 
atively  siB?)le  to  perform  but  the  results  will  undoubtedly  be  affected 
by  small  variations  in  the  slot  end  radius. 

Unnotched  specimens;  Unless  a  natural  crack  is  formed  at  areas  of 
high  strain  gradients  during  rising  load  a  test  without  a  notch  cannot 
give  meaningful  information  regarding  resistance  to  brittle  fracture. 
However,  there  has  been  a  belief  by  some  that  the  presence  of  biaxial 
stresses  per  se,  such  as  exist  in  the  wall  of  a  pressurized  missile  tank, 
can  induce  brittle  fracture  at  stresses  much  lower  than  encountered  in  a 
tensile  test.  With  this  in  mind,  static  bulge  tests  were  made.  This 
test  involves  deformation  by  oil  pressure  of  a  sheet  clamped  under  a 
die  with  a  circular  opening  (Figure  9).  The  test  gives  balanced  bi¬ 
axial  tension  at  the  pole  and  fracture  will  occur  in  this  area  if  the 
die  is  designed  correctly.  Data  from  this  type  of  test  does  not  reveal 
any  embrittlement  associated  with  biaxiality  per  se.  Low  fracture 
stresses  when  observed  in  these  tests  are  explained  by  the  presence  of 
crack-like  defects  associated  with  welds  or  to  stress  concentrations 
associated  with  the  die  radius  or  with  methods  employed  to  clamp  the 
specimen.  Furthermore,  there  appears  to  be  no  evidence  that  tube  or 
bulge  tests  are  better  suited  to  investigate  weld  embrittlement  than 
tensile  tests  containing  welds. 

The  Allison  test  is  essentially  a  three  point  bend  test  on  a  speci¬ 
men  sufficiently  wide  to  develop  full  biaxiality.  As  indicated  in  Figiire 
9,  a  bend  parameter  is  derived  which  relates  to  the  difference  in  elastic 
outer  fiber  stress  at  maximum  load  (oq)  and  that  existing  at  the  start 
of  rapid  fracture  ( <7^^) .  The  test  has  the  advantage  of  employing  a  very 
sinqple  specimen  and  in  addition  gives  an  indication  of  the  plane  strain 
fracture  toughness.  It  has  two  notable  disadvantages;  if  the  material 
is  very  brittle,  cr,  will  be  essentially  equal  to  crjj  and  the  test  be¬ 
comes  insensitive.  "^On  the  other  hand,  if  the  specimen  is  too  ductile  it 
may  not  crack  clear  through  even  when  bent  180°;  in  such  cases  the  param¬ 
eter  cannot  be  determined.  Mr.  Sipple  will  describe  this  test  later  in 
further  detail. 
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ATTEMPTS  AT  STANDARDIZATION 


Frcan  the  foregoing  it  is  little  wonder  that  increasing  pressures 
for  standardization  arose.  These  pressures  reached  a  peak  when  dif¬ 
ficulties  with  brittle  failures  were  encountered  in  the  solid  propel¬ 
lant  rocket  program.  Early  in  1959  the  ASTM,  at  the  sxiggestion  of  the 
Department  of  Defense,  organized  an  Ad  Hoc  committee  to  review  testing 
methods  and  to  make  recommendations  regarding  a  standard  method  for 
evaluating  high  strength  sheet  materials  regarding  their  resistance  to 
brittle  fracture.  At  about  the  same  time  the  Aerospace  Industries 
Committee  considered  the  problem  through  the  action  of  the  ARTC-W-97 
Committee.  Both  these  groups  have  arrived  at  tentative  recommendations. 
Those  of  the  ASTM  have  been  published  (7)  and  the  following  will  des¬ 
cribe  some  of  this  work  in  detail.  Mr,  Stapleton,  Chairman  of  the  W-97 
Committee,  will  describe  the  activities  and  conclusions  of  that  group,. 
As  will  be  seen,  there  are  many  points  of  agreement. 

The  general  philosophy  of  the  ASTM  Committee  was  that  brittle 
service  failures  could  be  traced  to  unstable  rapid  fracture  having  its 
origin  in  a  pre-existing  crack  or  crack- like  flaw.  With  this  in  mind 
it  seemed  only  logical  to  require  that  the  screening  specimen  reproduce 
the  essential  characteristics  of  the  stress  field  surrounding  a  crack. 
Fiorthermore,  the  specimen  requirements  previously  mentioned  were  to  be 
satisfied.  In  order  to  reproduce  the  action  of  cracks  it  was  agreed 
that  the  specimen  must  contain  either  a  natural  crack  or  a  very  sharp 
notch.  It  appeared  that  a  tensile  specimen  offered  the  advantage  of 
ready  availability  of  test  equipment  and  ease  of  making  the  necessary 
measurements.  A  rather  large  amount  of  data  was  already  available 
using  both  the  sharp  edge  notch  tensile  test  and  the  center  crack 
tensile  test.  Both  these  tests  seemed  to  meet  the  sensitivity  re¬ 
quirements.  The  Committee  then  set  about  examining  the  parameters 
which  Influence  the  strength  values  of  such  specimens  with  the  object 
of  designing  a  suitable  specimen.  In  the  following  we  will  consider 
the  Influence  of  some  of  these  parameters. 

Notch  radius;  There  is  no  quarrel  with  the  fact  that  a  natural 
crack  is  ideally  suitable.  However,  the  production  of  such  cracks  re¬ 
quires  the  use  of  equipment  and  personnel  which  may  in  some  cases  not 
be  available.  On  the  other  hand,  the  production  of  a  sharp  edge  notch 
is  strictly  a  machining  Job  requiring  the  ^plication  of  standard  equip¬ 
ment  and  tools.  The  question  arises  as  to  the  necessary  sharpness  of 
the  machined  notch.  The  effect  of  notch  radius  on  several  alloys  is 
illustrated  in  Figure  10,  which  shows  the  notch  tensile  strength  ratio* 
as  a  function  of  radius.  It  will  be  noted  that  while  the  embrittlement 
increases  with  decreasing  radius,  the  effect  varies  with  the  alloy.  It 
is  important  to  note  that  for  some  materials,  notably  H-11  Mod.  aixi 

*  The  notch  tensile  strength  ratio  is  obtained  by  dividing  the  nominal 
notch  strength  (max.  load  divided  by  min.  initial  area  in  the  notch 
plane)  by  the  conventional  tensile  strength.  A  decrease  in  the  ratio 
indicates  Increasing  brittleness. 
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ii-3-l-Ti,  there  is  a  considerable  increase  in  brittleness  when  the  radius 
is  reduced  from  0,002  to  0,0007  inch,  Furthennore,  where  coiqjarative 
data  is  available  it  appears  that  edge  notches  of  less  than  0.001  in 
radius  provide  embrittlement  sufficiently  close  to  that  obtained  with 
natural  fatigue  cracks  in  1-inch  wide  center  notch  specimens.'** 

Notch  angle;  Limited  data  for  the  effect  of  notch  angle  on  the  edge 
notch  strength  are  given  in  Figure  11,  The  results  are  rather  unexpected 
in  that  a  slight  minimm  in  strength  occurs  at  about  60°  for  transverse 
tests  on  MSI  301  (JC^GA. )  and  at  about  for  H-11  Mod.  (IOOQOF  temper) . 
Thus,  a  small  increase  in  the  sensitivity  of  the  edge  notch  test  may  be 
possible  by  the  selection  of  an  optimum  flank  angle.  However,  this  ap¬ 
parently  is  an  unknown  function  of  the  material. 

Notch  depth!  Data  obtained  by  Sachs  et  al.  Figure  12,  indicate  that 
a  broad  minimum  in  the  edge  notch  tensile  strength  ratio  occurs  between 
about  20  to  UO  percent  notch  depth.  This  range  of  maximum  sensitivity  is 
also  indicated  by  Irwin's  (7)  stress  analysis. 

Thickness  effect;  Data  obtained  by  Srawley  (1),  Figure  13,  and  that 
obtained  by  Romine  (8)  on  a  different  alloy  indicate  the  notch  strength 
decreases  with  increasing  thickness  for  constant  width  and  notch  length. 
The  magnitude  of  this  effect  depends  on  the  alloy.  It  increases  with 
increasing  strength  level  and  appears  to  fade  out  as  the  thickness  in¬ 
creases.  The  observed  effects  probably  contain  a  metallurgical  (struc¬ 
tural)  component  that  would  tend  to  make  the  material  having  the  greatest 
total  reduction  the  toughest. 

Specimen  width;  The  selection  of  the  specimen  width  for  a  constant 
percentage  notch  depth  and  root  radius  sets  the  sensitivity  of  the  test, 
in  that  for  notch  sensitive  conditions  the  wider  the  specimen  the  lower 
the  strength.  This  is,  of  co\irse,  e^qsected  on  theoretical  grounds  (7) . 

In  order  for  the  test  to  be  sensitive  to  metallurgical  or  other  factors 
controlling  the  embrittlement  it  is  necessary  that  the  notch  strength 
be  below  the  tensile  strength  and  preferably  below  the  yield  strength. 

An  example  is  given  in  Figure  lU  for  H-11  Mod,  It  will  be  noted  that 
at  the  1110°F  ten?)er  the  sharp  edge  notch  strength  of  one-inch  wide 
specimens  is  above  the  yield  strength  while  the  corresponding  strength 
values  for  three-inch  wide,  but  otherwise  similar  specimens,  is  below  the 
yield  strength. 

Testing  speed;  Missile  cases  are  pressurized  very  rapidly  (small 
fraction  of  a  second)  in  service.  However,  most  laboratory  screening 

For  equal  toughness  edge  cracks  should  give  notch  strengths  roughly  5 
percent  lower  than  center  cracks.  The  edge  notch  strength  of  300  M  is 
lower  than  the  center  crack  strength  by  a  much  greater  factor.  The 
author  has  no  e^qjlanation  for  this  unexpected  difference.  Both  center 
crack  and  edge  notch  specimens  were  taken  from  the  same  sheet  and  had 
equal  width  and  Zblq  values. 

"vT 


V-6 


tests  are  conducted  at  relatively  slow  speeds.  Few  notch  data  are  avail¬ 
able  for  defining  the  speed  effect.  Srawley  (7)  has  obtained  some  dita 
for  fatigue  center  cracked  specimens  of  a  low  alloy  steel  tested  at 
loading  rates  of  1000  and  200,000  psi  per  second.  These  tests  carried 
out  over  a  range  of  ten^seratures,  Figure  l5,  show  no  effect  of  this  speed 
variation.  However,  the  t^per  rate  is  much  lower  than  encountered  in 
some  service  applications  and  the  data  were  obtained  for  low  alloy  tem¬ 
pered  steel  where  only  small  rate  effects  might  be  e:q)ected  (9).  In  ad¬ 
dition,  as  will  be  discussed  later,  environmental  influences  may  affect 
the  slow  crack  growth  and  notch  strength  for  some  alloys  if  the  loading 
rate  is  sufficiently  slow. 

Recommendations  for  a  screening  specimen;  On  the  basis  of  the 
previously  describecl  data  the  ASTM  Special  Committee  on  the  Fracture 
Testing  of  High  Strength  Sheet  Materials  recommended  the  edge  notch 
tensile  specimen  shown  in  Figure  l6  for  screening  of  sheet  alloys  hav¬ 
ing  a  strength  to  density  ratio  above  700,000.  It  was  also  recognized 
that  a  fatigue  center  crack  specimen  of  the  same  width  and  total  notch 
length  would  be  equally  suitable.  However,  the  strength  values  deter¬ 
mined  with  these  two  specimens  are  likely  to  be  different. 

It  will  be  noted  that  the  notch  radius  was  selected  as  0.001  inch 
maximum  and  the  notch  depth  30  percent.  These  values  are  well  estab¬ 
lished  by  the  previously  discussed  data.  The  width  was  selected  as 
one  inch.  A  large  amount  of  data  (7),  (10),  (11),  (12)  obtained  with 
specimens  very  similar  to  those  shown  in  Figure  l6  have  shown  this  width 
to  yield  sufficient  sensitivity  for  alloys  of  interest.  Regarding  notch 
angle,  60°  was  recommended,  again  on  the  basis  that  a  large  amount  of 
data  has  been  obtained  using  this  angle  and  because  relatively  slight 
differences  were  noted  for  variations  between  30®  and  90°.  In  the  ab¬ 
sence  of  additional  data  on  testing  speed  the  recommended  loading  rate 
was  1000  to  10,000  psi  (net  section  stress)  per  second.  There  is  no 
question  that  the  alloy  to  be  evaluated  should  be  tested  in  the  thick¬ 
ness  to  be  used  in  service  and  that  different  alloys  be  coiapared  at  the 
same  thickness. 

It  will  be  noted  that  pin  loading  is  recommended  to  reduce  eccen¬ 
tricities  and  that  careful  attention  is  given  to  machining  tolerances 
so  that  the  loading  axis  passes  through  the  mid-point  between  the  notch 
tips  and  is  perpendicular  to  a  line  Joining  these  points. 

Specimen  preparation  and  procedure  have  been  covered  in  two  papers 
(7)  (13)  and  these  references  should  be  consulted  for  details.  Heat 

treatment  is  recommended  following  finish  machining.  This  has  the  ad¬ 
vantage  that  the  specimen  machining  is  usually  easier  and  that  cracks 
in  coim}onents  resulting  from  welding  are  frequently  subjected  to  a 
heat  treating  atmosphere.  In  any  case  the  heat  treating  atmosphere 
for  the  specimen  should  be  Identical  to  that  used  for  the  service  com¬ 
ponent. 
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Reporting  results;  On  the  basis  of  the  evidence  available  the  nom¬ 
inal  notch  strength  and  a  measure  of  the  fracture  ^pearance  (percent 
shear)  should  be  reported  along  with  the  smooth  ultimate  and  0.2  percent 
yield  strength.  The  smooth  specimens  should  be  heat  treated  in  exactly 
the  same  manner  as  the  notch  specimens.  It  was  recommended  that  at 
least  duplicate,  but  preferably  triplicate  notch  tests  be  made  for  each 
metal  condition  investigated.  One  suitable  index  of  embrittlement  in 
the  presence  of  cracks  is  the  ratio  between  the  nominal  notch  strengths 
and  the  tensile  strength.  This  ratio  is  a  measure  of  utilization  of  the 
strength  potential  in  the  presence  of  the  sharp  notch  en?)loyed.  Thus, 
the  notch  strength  ratio  may  be  used  to  rate  materials  regarding  their 
resistance  to  brittle  crack  propagation  at  a  particular  strength  level. 
Values  equal  to  unity  indicate  a  highly  tough  metal  condition,  but  unless 
the  ratio  is  below  unity  the  notch  screening  test  is  not  sensitive  to  em¬ 
brittling  factors. 

It  should  be  emphasized  that  the  quantitative  values  of  fracture 
toughness,  K^,  could  equally  well  serve  to  rate  materials.  However,  it 
is  felt  that  the  narrow  screening  specimen  (one  inch  wide)  complicates 
the  accurate  determination  of  slow  crack  extension  and  at  least  three- 
inch  wide  specimens  are  recommended  for  determinations. 

In  conclusion,  it  should  be  noted  that  the  Aerospace  Industries 
ARTC  W-97  Committee  accepted  the  majority  of  the  ASIM  reconmiendations, 
as  will  be  described  by  Hr.  Stapleton. 


NASA  -  NRL  COOPERATIVE  PROGRAM 

One  purpose  of  this  program  is  to  examine  the  room  teii?)erature 
strength  values  derived  from  several  different  types  of  sharply  notched 
tensile  specimens  in  order  to  determine  whether  one  offers  any  partic¬ 
ular  advantage  over  the  other  for  screening  purposes.  The  various  spec¬ 
imen  types  are  indicated  in  Plgure  I7.  It  will  be  noted  that  one-  and 
three-inch  nominal  widths  are  considered  and  all  specimens  have  a  crack 
length  to  width  ratio  / _W  \  of  about  0.3.  The  program  includes  several 

sheet  alloy  types,  namely  a  5  percent  Cr  tool  steel  (H-11  Mod.),  ti¬ 
tanium  alloy  (B  120  VCA)  and  AISI  301  cold  rolled  70  percent.  With  the 
exception  of  AISI  301  several  levels  of  toughness  are  being  investigated 
for  each  material.  The  thickness  in  all  cases  is  0.063  inch,  heat  treat¬ 
ing  is  done  after  machining,  and  at  least  triplicate  tests  are  made  for 
each  condition. 

At  present,  results  are  available  for  H-11  Mod.  tempered  over  a 
wide  range  of  ten?)eratures.  The  results  are  in  Figures  18  and  19  for 
the  one-inch  and  three-inch  specimens  respectively.  These  representa¬ 
tions  show  the  spread  of  values  obtained  with  each  specimen  type  as  well 
as  a  few  data,  to  be  discussed  later,  obtained  using  0.002-inch  radius 
one-inch  wide  edge  notch  specimens. 


Considering  first  the  one-inch  wide  specimens,  Figure  18,  it  will 
be  noted  that  the  resTilts  obtained  using  either  shear  cracked  or  fa¬ 
tigue  cracked  center  notches  are  identical  within  the  limits  of  scatter. 
The  sharp  edge  notch  tests  (0,007-inch  radius)  yield  somewhat  higher 
strength  values  at  1000°F  and  teiqjer.  All  these  tests  define 

the  same  tenqperlng  temperature  at  which  notch  strength  and  yield 
strength  are  equal  and  also  agree  in  that  the  notch  sensitivity  in¬ 
creases  with  decreasing  teofjering  tenperature.  In  addition,  the 
region  of  greatest  allqy  variability  is.  established  to  be  at  temper¬ 
ing  ten?)eratures  between  about  107$^  and  1100°F, 

The  results  for  the  three-inch  wide  specimens.  Figure  19,  estab¬ 
lish  essentially  the  same  general  trends  of  notch  strength  with  tem¬ 
pering  temperature  as  were  observed  for  the  one-i  ich  wide  specimens. 

It  would  be  «3q>eeted  that  the  values  would  be  lower  for  the  larger 
specimens.  This  ds  noted  for  the  sharp  edge  notch  and  the  center 
shear  cracked  tests  which  give  equivalent  values  within  the  limits  of 
scatter.  However,  the  three-inch  center  ELox  slot  yields  values  at 
tendering  temperatures  from  900°  to  1075°F  which  are  nearly  as  high 
as  obtained  with  one-inch  edge  notched  specimens.  However,  all  three- 
inch  wide  specimens  establish  the  same  tempering  temperature  at  which 
the  notch  strength  equals  yield  strength.  It  will  be  noted  that  this 
is  about  20°F  higher  than  established  with  the  one-inch  wide  tests. 

The  high  values  for  the  three-inch  center  Eloxed  tests.  Figure  19, 
may  be  explained  by  the  fact  that  the  notch  radius  was  too  large  to 
accurately  simulate  the  action  of  a  natural  crack.  It  is  known  that 
the  one-inch  wide  edge  notch  strengths  of  this  alloy,  tempered  at 
1000°F,  are  strongly  affected  by  the  radius  (see  Figure  10),  With 
this  in  mind  0.002-inch  radius  one-lnoh  wide  notch  specimens  were 
tested  and  according  to  Figure  16  the  larger  radius  does,  indeed, 
raise  the  notch  strength  at  tendering  temperatures  below  about  li00°F. 

The  program  is  not  sufficiently  far  along  to  permit  drawing  any 
definite  conclusions.  However,  for  the  one  alloy  tested  it  would  ap¬ 
pear  that  all  the  specimens  provide  sufficient  sensitivity,  this  being 
increased  with  a  decrease  in  the  notch  radius.  The  shear  center  crack 
specimen  is  attractive  from  the  point  of  view  that  it  can  be  produced 
rather  easily.  However,  considerable  more  experience  with  this  speci¬ 
men  type  on  a  variety  of  alloys  will  be  necessary  before  it  can  be 
established  as  an  alternate  to  the  screening  tests  proposed  ly  the  ASIM. 


ALLOT  SELECTION 

It  would  be  desirable  if  the  data  from  a  screening  test  could  be 
used  as  a  guide  in  selecting  materials  for  a  given  service  ^plication. 

If  the  flaw  sizes  are  known  then,  of  course,  the  laboratory  measured 
Kq  values  are  a  direct  aid  in  this  req>ect.  However,  in  most  cases  these 
sizes  are  not  even  approximately  established  until  considerable  fabrlca- 
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tion  experience  has  been  accUiTiulated.  The  question  then  is,  what  is  a 
safe  yield  strength  level  to  use  when  fabricating  the  initial  series  of 
components?  Past  experience  with  service  failures  and  screening  tests 
provides  some  criteria  in  this  respect.  However,  there  are  a  number  of 
factors  which  were  not  considered  in  the  formulation  of  any  of  these 
criteria. 


First  there  must  be  reasonable  assurance  that  the  metallurgical 
surroundings  of  the  notch  in  the  screening  specimen  correspond  to  those 
of  a  crack  in  the  conponent.  Thus,  if  welds  are  involved,  the  screen¬ 
ing  test  must  consider  the  properties  of  the  weld  metal  and  heat  affected 
zone.  This  may  be  acconplished  by  locating  the  notches  at  various  posi¬ 
tions  in  relation  to  the  weld  centerline  in  order  to  establish  the  area 
of  lowest  toughness.  This  procedure  has  been  followed  by  Romine  et  al 
(lU)  using  Eloxed  center  slotted  specimens.  Another  important  considera¬ 
tion  is  that  the  loading  history  and  environment  in  the  laboratory  test 
should  approximate  that  of  the  service  component.  Thus,  if  the  component 
is  subjected  to  repeated  loading  an  attempt  should  be  made  to  simulate 
this  in  the  screening  test.  The  criteria  for  alloy  selection  which  have 
been  so  far  proposed  do  not  take  into  account  all  these  factors.  How¬ 
ever,  there  appears  to  be  no  reason  why  they  could  not  do  so,  at  least 
in  a  qualitative  fashion. 


Fracture  mechanics  approach;  The  concepts  of  Irwin  (?)  yield  one 
criterion.  Essentially  this  is  based  on  the  assumption  that  small, 
probably  undetectable  cracks  are  imbedded  in  the  sheet.  These  are 
assvimed  to  propagate  to  the  surface  at  very  low  applied  stresses.  When 
such  cracks  reach  the  surface,  they  have  an  extent  approximately  equal 
to  double  the  plate  thickness.  The  criterion  for  acceptance  is  then 
that  the  material  must  have  a  value  at  least  equal  to  that  necessary 
to  prevent  the  catastrophic  propagation  of  a  twice  the  thickness  through 
crack  at  the  operating  stress.  A  further  development  of  this  idea  con¬ 
siders  Irwin' s  (7)  ^  factor  which  atten^Jts  to  relate  the  relative  plas¬ 
tic  zone  size  Ry  -  ,  to  the  plate  thickness  as  follows: 


2Tr 
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where  Kp  is  the  fracture  toughness,  is  the  uniaxial  yield  strength, 
and  B  the  sheet  thickness.  It  can  be  shown  (7)  that  if  the  tank  oper¬ 
ating  stress  is  set  at  the  uniaxial  yield  strength  and  the  flaw  size 
equal  to  2B,  then  B  must  at  least  equal  2  TT  for  the  flaw  in  the  tank 
to  be  stable. 


Empirical  criteria:  Several  purely  empirical  criteria  have  been 
suggested.  One  is  that  the  notch  strength  of  the  one-inch  wide  screen¬ 
ing  specimen  should  at  least  exceed  the  yield  strength.  A  similar  but 
more  conservative  criterion  is  that  the  sharp  edge  notch  tensile 
strength  ratio  be  at  least  unity.  The  best  that  these  two  criteria 
can  offer  is  a  measure  of  assurance  that  the  structure  will  be  safe  in 
the  presence  of  severe  defects.  This  is  Indeed  an  inqportant  consider- 


atioHo  However,  it  must  be  assumed  that  the  notch  in  the  specimen  is 
at  least  as  severe  as  any  that  will  occur  in  a  reasonably  designed  and 
fabricated  missile  tank.  On  the  basis  of  experience,  this  is  probably 
true  for  the  specimen  shown  in  Figure  l6. 

Another  enpirical  criterion  is  that  the  fractiire  appearance  of 
the  screening  test  should  be  100  percent  shear  at  the  operating  tenper- 
ature.  This  is  based  on  a  considerable  amo\int  of  data  obtained  by 
Srawley  (l)  (2)  OS)  which  shows  the  fracture  sppearance  transition 
temperature  defined  in  teims  of  percent  shear  to  be  somewhat  higher 
than  that  defined  by  the  notch  strength  equal  to  the  yield  strength. 

An  exanple  of  such  behavior  is  illustrated  in  Figure  20  for  a  low  al¬ 
loy  steel  tested  by  Srawley  (2)  over  a  range  of  temperatures.  On  the 
basis  of  other  results  it  would  appear  that  this  is  a  necessary  but 
not  sufficient  condition  for  tough  behavior.  Thus,  according  to 
Figure  21,  300  M  tempered  at  li00°  to  550°F  exhibits  100  percent  shear 
in  center  crack  tests  but  has  a  notch  strength  well  below  the  yield 
strength.  Irwin  (7)  has  suggested  that  the ^  factor  may  be  corre¬ 
lated  with  the  percent  shear  such  that •  2  ir'  corresponds  to  a 
shear  value  between  80  and  100  percent.  However,  as  more  data  is 
accumtilated  (l8),  Figure  22,  it  appears  that  while  the^  value  does 
Increase  with  Increasing  percent  shear,  there  is  no  definite  or  use¬ 
ful  relation  between  these  quantities. 

Jt  should  be  realized  that  all  these  criteria  do  not  give  the 
same  answer.  The  conditions  based  on  the  notch  strength  of  the  ASTM 
screening  specimen,  equal  to  yield  strength  (or  tensile  strength)  are 
more  conservative  than  •  2 tT  for  thicknesses  equal  to  or  less 
than  about  0*063  inch.  On  the  basis  of  general  experience  it  is  in¬ 
dicated  that  materials  selected  in  accordance  with  the  former  cri¬ 
teria  may  be  fabricated  into  welded  stznictures  with  normal  care.  WLth 
extreme  care  it  has  been  possible  to  fabricate  large,  circumferentially 
welded  vessels  of  H-U  Hod.  teopered  to  225^000  psl  yield  strength 
level  where ^  is  considerably  less  than  2  ir  (16).  Such  vessels  burst 
at  circumferential  stresses  above  the  unaxlal  yield  strength. 

Partial  thickness  cracks;  In  many  cases  a  conponent  may  contain 
cracks  either  Imbedded  In  the  sheet  or  extending  from  one  surface  par¬ 
tially  through  the  thickness.  These  cracks  may  then  slowly  grow  under 
the  operating  stress  to  an  unstable  size.  This  slow  growth  may  pro¬ 
duce  through-the-thickness  cracks  or  in  very  brittle  alloys  the  con¬ 
dition  of  instability  might  be  reached  before  the  crack  completely 
penetrates  the  thickness.  The  screening  tests  so  far  discussed-  all 
enploy  through-the-thickness  cracks.  The  question  arises  as  to  ' 
whether  or  not  such  specimens  might  yield  an  unconseinrative  estimate 
of  the  relative  toughness  for  a  given  alloy  If  partial  cracks  are 
present  in  service. 

It  is  not  known  how  to  produce  imbedded  cracks  in  specimens. 
However,  recently  Srawley  (17)  'as  obtained  very  interesting  data  for 
a  series  of  one-inch  wide  X-200  specimens  (0.069-lnch  thick)  with  sur¬ 
face  cracks  extending  partially  through  the  thickness.  The  technique 
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is  essentially  to  subject  a  specimen  to  low  bending  stresses  and  to 
hydrogen  embrittle  a  small  area  of  the  surface  by  cathodic  charging. 
By  vaiying  the  area  exposed  to  hydrogen  and  the  charging  time  it  was 
possible  to  control  both  length  and  depth  of  an  elliptically  sh^ed 
crack. 


Selected  data  is  given  in  Figure  23  which  compares  results  obtained 
over  a  range  of  test  temperatiires,  for  specimens  having  through  cracks 
with  those  having  siirface  cracks.  An  attempt  was  made  to  select  surface 
cracked  specimens  with  the  crack  length  (2aQ)  in  a  range  which  bracketed 
the  through  crack  lengths. 

It  will  be  noted  that  at  all  testing  temperatures  Iii0-l80  mil  long 
surface  cracks  yield  higher  notch  strength  ratios  than  150  mil  through 
cracks.  At  room  temperature  no  through  crack  data  are  available  to 
compare  with  the  292-32?  mil  length  surface  cracks.  However,  data  for 
sharp  edge  notches  with  a  300  mil  total  notch  length  (from  a  different 
heat  of  the  same  thickness)  yields  a  notch  strength  ratio  far  lower 
than  the  surface  cracks.  It  is  also  to  be  noted  that  for  approximately 
equal  percent  crack  depths  (thickness  penetration)  the  notch  strength 
ratio  follows  essentially  the  same  trend  with  testing  temperature 
(ductility  level) . 

On  the  basis  of  this  limited  data  it  would  appear  that  for  prac¬ 
tical  purposes  materials  may  be  screened  using  through  the  thickness 
notches  or  cracks  and  that  different  ratings  would  not  be  obtained 
using  specimens  containing  surface  cracks.  Additional  tests  are  neces¬ 
sary,  particxilarly  for  shallow  surface  cracks,  to  verify  this  observation. 


QUALITY  FACTOR  CONSIDffiATIONS 

The  consideration  of  alloys  other  than  steels  has  introduced  a  den¬ 
sity  variation  into  the  picture.  It  has  been  general  practice  to  form 
the  ratio  between  tensile  strength  (or  yield  strength)  and  density  and 
to  then  coitpare  the  fracture  toughness  of  various  alloys  at  a  constant 
value  of  this  ratio.  In  this  way  the  advantages  of  low  density  are 
taken  into  account.  Kies  et  al  (18)  have  made  the  suggestion  that  a 
quality  factor  might  be  formed  as  follows: 

Q.F.  -  J!£_  xS  (1) 

^c  min  ^ 

where  ^  is  yield  strength  to  density,  is  the  value  measiired  for 

the  material  in  question  and  K^,  is  that  value  necessary  to  withstand 
a  through  crack  of  given  length  in  a  pressure  vessel  stressed  to  the  un- 
axial  yield  strength, 

In  the  case  of  a  large  thin  walled  cylindrical  tank 

^c  min  *  (2) 
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where  Is  the  obsez*ved  initial  flaw  dimension.  If  a^  *  B  idiere  B  is 
the  sheet  thickness,  then  this  is  the  previously  discussed  acceptance 
criterion  proposed  by  Indn, 

An  exan^le  calculation  is  useful  ih  examining  the  implication  of 
this  quality  factor.  Consider  the  alxaninum  alloy  202i4.T3  for  which 
K-  ^130  X  10^  pci  VIn,  ■  1^6  X  103  psi,  B  *  0.0$0  in. ,  and/^^__ 

■  0.1  lbs. /in. From  equation  (2),  -  2$. 6  x  10^  psi  yin. 

The  quality  factor  from  equation  (1)  is  thenj 

Q.F.  -  $.0$  X  h6  X  10^  -  2.32  X  10^  (3) 

This  may  be  compared  with  H-11  Mod.  steel  tempered  to  ^  -  200,000 
psi  where  Kg  -  175  x  10^  psi  /irT.  and  -  0.284.  Now  Kg  - 
112  X  10^  psi  yiru  and  the  quality  factor 

Q.F.  -  1.56  X  700  X  loi*  -  1.09  X  10^  (4) 

Thus,  according  to  equation  (l)  aluminum  has  a  higher  quality 
factor 'than  the  steel.  This  does  not  seem  consistent  with  practical 
considerations.  The  steel  has  a  higher  strength  to  density  ratio  per¬ 
mitting  a  lighter  structure  and  has  a  50  percent  safety  factor  in 
toughness.  The.  difficulty,  of  course,  lies  in  the  fact  that  the  very 
large  (5.05  N  /Kg  value  for  the  aluminum  has  been  given  too  much 
weight  in  formulatii^  its  quality  factor.  Apparently  the  ^^must  be 
balanced  against  the  available  toughness  in  as  yet  an  undetermined 
manner.  It  would  appear  that  material  selection  can  best  be  made  with 
the  aid  of  plots  of  Kg  (or  sharp  notch  strength  ratio)  vs  Cf^Z/o  •  These 
parameters  are  complex  functions  of  one  another  and  different  for  dif¬ 
ferent  alloys. 


ENVIRONMENTAL  INFLUENCES 

Screening  tests  are  normally  conducted  in  the  room  atmosphere  and 
fracture  occurs  at  most  in  a  few  minutes.  On  the  other  hand,  a  com¬ 
ponent  may  be  subjected  to  damaging  environmental  Influences  during  its 
life.  An  exanmle  is  the  hydrotesting  of  solid  propellant  cases,  where 
both  stress  and  water  may  be  applied  for  several  hours.  Under  such 
conditions  it  has  been  suggested  by  Shank  et  al  (19)  that  hydrogen  em¬ 
brittlement  can  occur.  Certainly,  an  additional  factor  is  stress  cor¬ 
rosion  due  to  dissolved  oxygen  or  other  corrosive  substances  in  the 
water.  If  stress  corrosion  does  occur  the  magnitude  of  slow  crack 
growth  might  be  profoundly  affected  and  time  dependent.  Likewise,  it 
might  be  expected  that  screening  tests  would  exhibit  Increased  slow 
crack  growth  and  reduced  notch  strength  in  the  presence  of  certain 
media. 


Very  little  is  known  so  far  about  stress  corrosion  of  high  strength 
alloys  in  the  presence  of  sharp  notches  or  cracks.  Irwin  (20)  has  shown 
some  data  which  indicate  the  notch  strength  of  a  low  alloy  steel,  heat 
treated  to  a  brittle  condition,  was  reduced  50  percent  if  loaded  slowly 
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in  the  presence  of  water.  On  the  other  hand,  a  more  ductile  alloy  did 
not  show  a  similar  effect.  Some  additional  data  has  been  obtained  in 
the  author's  laboratory.  The  results  are  preliminary  and  represent  a 
mixtxire  of  both  materials  and  testing  conditions. 

It  was  desired  to  establish  whether  the  room  temperature  sharp 
edge  notch  strength  of  one-inch  wide  screening  specimens  would  be  in¬ 
fluenced  by  the  presence  of  a  number  of  media:  (l)  distilled  water,  (2) 
distilled  water  plus  a  commonly  used  corrosion  inhibitor  (Na2  Cr2  O-j) , 
(3)  transformer  oil  and  (it)  India  ink.  These  media  were  applied  direct¬ 
ly  to  the  notch  in  much  the  same  manner  as  normally  employed  with  India 
ink  in  Kq  testing^  care  being  taken  to  have  enough  fliaid  present  to  com¬ 
pletely  fill  any  slow  crack.  In  addition,  a  test  run  in  water  was  pro¬ 
tected  by  coating  with  Cosmoline  No.  1060  supplied  at  about  200°F.  Both 
a  normal  loading  rate  (30,000  psi  notch  section  stress  per  minute)  and 
a  slow  loading  rate  (1^00  psi  notch  section  stress  per  minute)  were 
en?)loyed  for  selected  conditions. 

The  data  are  presented  in  Figxire  2h  for  two  low  alloy  sheet  steels 
and  two  titanium  alloys.  The  numbers  shown  represent  the  percentage 
the  notch  strength  was  changed  by  the  indicated  media.  The  reference 
value  is  taken  as  the  median  notch  strength  of  replicate  specimens 
tested  at  the  normal  rate  in  air,  or  with  India  ink  in  the  notch. 

While  the  data  are  not  con?3let,e  in  this  respect,  it  would  appear  from 
results  obtained  with  300  M  (E)  that  the  presence  of  India  ink  does  not 
change  the  notch  strength  over  that  obtained  in  air  when  normal  test 
speeds  are  employed.  The  percentage  figures  refer  to  tests  on  single 
specimens  and  no  effect  (zero)  is  reported  unless  the  percentage  ex¬ 
ceeds  the  normal  scatter  of  +  10  percent. 

A  nxiraber  of  interesting  observations  may  be  made  on  the  basis  of 
the  data  available: 

1.  There  is  little  or  no  reduction  in  notch  strength  when  speci¬ 
mens  are  tested  at  slow  rates  in  air. 

2.  Tests  carried  out  at  normal  loading  rates  with  India  ink  show 
no  reduction  in  notch  strength. 

3.  The  notch  strength  of  the  high  yield  strength  level  steels  is 
reduced  by  slow  loading  in  distilled  water.  This  effect  is 
larger  for  300  M  (up  to  60  percent)  than  for  H-11  Mod.  A 
similar  but  smaller  effect  is  noted  with  India  ink. 

U.  The  notch  strength  of  the  low  yield  strength  level  steels  and 
of  the  fully  heat  treated  titanium  alloys  is  not  reduced  by 
slow  loading  in  distilled  water, 

5.  The  addition  of  Na2  Cr2  Oj  appears  to  effectively  inhibit  the 
deleterious  effect  of  distilled  water  in  slow  tests. 

6.  Transformer  oil  does  not  reduce  the  notch  strength  of  steels 
heat  treated  to  high  yield  strength  levels. 
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7.  Cosorailine  1060  effectively  protects  the  steels  against  dis¬ 
tilled  water. 

The  one  encouraging  aspect  of  these  results  is  that  a  single  corro¬ 
sion  inhibitor,  Na2  Cr2  Oy,  effectively  protected  the  notch  brittle 
steels  against. water.  The  immunity  of  the  titanium  alloys  to  water  may 
be  due  to  their  inherently  high  corrosion  resistance  in  this  media.  In 
steels  the  deleterious  effect  of  water  is  apparently  a  function  of  the 
tendency  to  form  slow  cracks  at  relatively  low  loads.  Thus,  the  H-11 
Mod.  at  223,000  psi  yield  strength  level  tends  to  form  very  little  slow 
crack  in  a  normal  rate  test  in  air  while  300  M  forms  considerably  longer 
slow  cracks  under  the  same  conditions.  In  this  connection  it  is  inter¬ 
esting  to  note  that  the  slow  crack  length  of  300  M  (C)  is  increased  up 
to  30  percent  when  tested  slowly  with  India  ink.  When  the  steels  are 
heat  treated  to  low  yield  strength  levels,  slow  cracking  does  not  start 
until  after  gross  yielding  and  the  water  would  not  be  expected  to  have 
an  effect. 
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Figure  1.  -  Center  notch  tensile  tests  showing  various  slot  configurations. 
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Figure  2.  •  Edge  notch  static  and  Impaurt  tensile  tests. 
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Figure  3.  -  Edge  notch  static  and  impact  bend  tests. 
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Figure  5.  -  WRL  iinpact  "bulge  apparatus  (Pusak, 

ref.  6). 


Figure  6.  -  Examples  of  fractures  o'btalned  by  URL  impact  bulging  of 
high  strength  sheet  steel  (Pusak,  ref.  6). 
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temperature  for  NRL  impact  bulge  tests  and  center  cracked  tensile  tests  for 
high  strength  steel  sheet  (Pusak;,  ref.  6). 
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Figure  9 .  -  Unnotched  screening  tests . 
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Notch  Radius,  in. 

Figure  10.  -  Effect  of  notch  radius  on  the  edge  notch  strength  ratio  for  several  alloys  (Brown,  ref.  7). 
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Flank  Angle,  Degrees 

Figure  11.  -  Effect  of  flank  angle  on  sharp  edge  notch  strength  of  two  alloys  (Brown^  ref.  7) 
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Figure  14.  -  Sharp  edge  notch  tensile  strength  of  H-11  Mod  as  a  function  of  tempering 
temperature  for  one-inch  and  tree-inch  wide  specimens  (Brown,  NASA) . 
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Figure  15.  -  Strength  of  center  crack  specimens  as  a  function  of  testing  teraperatvtre 
at  two  loading  rates  (Srawley,  ref.  7). 
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Figure  16 .  -  ASTM  proposed  sharp  edge  notch  screening  test  (ref .  7 ) . 
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strength,  psi 
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Figure  20.  -  Strength  of  URL  center  crack  specimens  and  fracture 
appearance  (percent  shear)  as  a  function  of  testing  temperature 
for  AISI  410  steel  sheet  (Srawley,  ref.  2). 
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Figure  22.  -  Percent  shear  vs.  the  P  factor  for  various  steels  tested  at  room  temperature 
(Kies,  ref.  16). 
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Figure  23.  -  Notch  strength  ratio  as  a  function  of  testing  temperature 
for  specimens  of  a  high  strength  steel  provided  with  throu^  the 
thickness  cracks  and  cracks  on  one  svirface  (Srawley,  ref.  17). 


V-39 


W  O 

IS  OJ 

H  W 

1 

o  + 
s  o 

CO  CO 

o  o 

O  rH 

1 

I 

1 

1 

1 

1 

1 

1 

1  K 

■I 

■ 

■ 

■ 

■ 

■ 

■ 

CO  w 

S  S  1-^ 

<  K  H 

^■l 

pc;  o  o 

^Bi 

H  pc. 

HI 

■ 

■ 

■ 

■ 

■ 

■ 

H 

p 

^HB 

w 

ot^ 

p 

o 

p  + 

OJ 

KS 

Ks 

H 

Ph 

r^ 

o 

P  o 

u 

CO  a 

OJ 

+ 

H  W 

Oj 

P 

x 

H 

■ 

■ 

■ 

■ 

H 

* 

It 

* 

■ 

» 

■ 

o 

ISBiSJ 

o 

o 

o 

o 

O  lO 

(H 

o 

o 

o 

o 

H  tsci 

O  1 

1 

o 

o 

o 

o 

P:  2; 

•v 

•\ 

•V 

Z  H 

p 

o 

p 

p 

H 

p 

CVJ 

cn 

CD 

p 

f— 1 

rH 

■ 

rH 

■ 

p 

w 

o 

>s. 

>R 

>R 

vft 

tR 

M  CVJ 

o 

o 

CO’ 

Ol 

P 

o 

o 

o 

H  K 

p 

'ijl 

CVJ 

CO 

1 

1 

1 

H 

P 

■ 

*>R 

*>« 

* 

■ 

O  o1 

O  O 

o 

o 

o 

o 

PC 

o 

o 

o 

H 

•« 

•v 

*4 

< 

r- 

o 

o 

rH 

Es^H 

rH 

H 

1 — 1 

rH 

■ 

P  W 

... 

■ 

<  P 

rH  C\J 

■■ 

CD  < 

P 

X  w 

X  P 

Z  P 

X.  p 

X  P 

X  p 

X  P 

X 

E-( 

P  P 

P  XtO  H 

p 

CVJ 

D 

P 

p 

p 

o 

in 

W  W 

O  CO 

CO 

'■J' 

CO 

05 

CVJ 

CD 

CD 

o> 

rH 

OJ 

OJ 

CVJ 

cH 

CVJ 

rH 

rH 

fH  P 

X 

CO 

■ 

■ 

o^H 

• 

•iH 

p 

EH 

>^ 

n^l 

o 

1 

< 

o 

CJ 

ISfl 

2 

> 

o 

1-^ 

■HI 

> 

p 

g 

S 

rH 

1  P 

O  P 

< 

o 

o 

o 

rH 

H  W 

CVJ  P 

o 

o 

o 

1 

< 

rH  P 

p 

p 

p 

X 

to  << 

m  < 

C5 


X  M 

EH  EH 

P  <i 

X 

X 

p  p 

eh  Z 

O  IH 

Z  P 

<; 

w  o 

p  p 

p 

w  z 

• 

o 

>— s. 

p  p 

X 

X  P 

H 

<3 

«  • 

X  R 

r — V 

P  z 

•a; 

M 

S  s 

X  P 

P  c 

P  X 

P  s 

P  M 

<!  X 

W  P 

X  o 

K 

M  Z 

Eh  P 

P 

P  P 

S  -a; 

W 

w 

X  « 

EH  EH 

O  EH 

< 

H  P 

s 

EH 

o  p 

O  S 

o  w 

W  O 

X  Eh 

P  H 

P 

EH 

W  M 

W  U 

X  Eh 

O  W 

Eh 

EH  P 

P 

O 

Z  >H 

Z  X 

o  o 

o 

p 

H  eh 

•a;  P 

P  O 

H  <i; 

P  z 

p 

W  EH 

O  H 

s  w 

O  P 

•■ 

w 

O  P 

p 

P  X 

w 

X  P 

o  o 

> 

o 

P  o  • 

w 

H  X 

^p  X 

p 

X  CD 

rH  0 

•a;  H 

W^Eh 

w 

>  X 

Eh  <; 

p 

Eh 

-a!  W  Z 

z 

P 

X  Eh 

w 

o  X 

<  Z 

X 

o 

P  X  q 

w 

Eh  Z 

z  P 

p 

O  H 

M  P  P 

w 

W  1 

P  z  << 

X 

P  P 

<  H  P 

P  P 

o  p 

X 

W  O 

P  <  X 

EH 

o  w 

p 

W  CD 

p  p  p 

z 

X 

<3^ 

w 

Eh  P 

S  Z  P 

X 

< 

X  o  w 

EH 

1  X 

O  P  p 

p 

W 

Z  P  z 

•  > 

X 

X 

Hf  W 

1  1  o 

o 

CVJ  p 

EH 

Z  p  CVJ 

o 

•  p 

z 

P  o 

•  •  • 

H 

1 

2 

3 

* 

P 

NASA-CLEVELAND,  OHIO  E-104] 


V*40 


E-1043 


STANDARDIZATION  OF  TEST  PROCEDURE  FOR 
TEAR  RESISTANCE  OF  METALLIC  SHEET  MATERIAL 

By 

T,  J.  STAPLETON 

Lockheed  Aircraft  Corporation,  Burbank,  California 
INTRODUCTION 


Material  limitations  are  Increasingly  becoming  the  critical  factor 
in  aircraft  and  space  vehicle  designs.  The  temperature  developed  both  in 
the  propulsion  system  and  in  the  external  structure  due  to  aerodynamic 
heating  preclude  the  use  of  lightweight  aluminum  and  in  many  cases,  titanium 
also.  Refractory  materials  are  therefore  mandatory.  Unfortunately,  with 
very  few  exceptions,  the  refractory  metals  (steel,  nickel,  molybdenum 
tungsten,  etc.)  are  3  to  6  times  denser  than  aluminum.  For  aircraft  and 
space  vehicles,  the  in^ortance  of  developing  the  highest  possible  working 
stresses  in  these  materials  Is  evident.  Metallurgists  have  recently  made 
significant  strides  in  this  direction.  Stainless  steels  are  now  available 
with  ultimate  tensile  strengths  in  the  300,000  pel  range.  Unfortunately, 
these  high  strengths  are  almost  inevitably  associated  with  lower  ductility 
and  "notch  sensitivity".  The  result  is  that  a  small,  almost  imperceptible 
crack,  could  precipitate  c(xnplete  failure  of  a  structure  at  a  stress  well 
below  the  nominal  tensile  strangth  of  the  material.  For  tensile  loaded 
structures,  this  resistance  to  creek  propagation  failure  rather  than  tensile 
ultimate  strength  Is  therefore  very  frequently  the  criterion  for  the  selec¬ 
tion  of  both  the  material  and  the  design  allowable  stresses. 


ARTC  Project  W-97  wo  established  with  the  objective  of  standardizing 
on  a  test  procedure  to  evaluate  a  sheet  material’s  susceptibility  to  "crack 
propagation"  failure.  At  the  outset,  the  project  decided  that  design  data 
could  not  be  obtained  from  small  "screening"  specimens  and  that  two  types 
of  specimen  are  required 


1 .  )  Screening  Specimen 

2. )  Design  Specimen 


Immediate  efforts  were  concentrated  on  the  "screening"  specimen  and 
several  such  specimens  were  presented  to  the  project  for  consideration. 
Although  a  considerable  amount  of  data  had  been  accumulated  with  these 
methods,  the  data  were  not  on  Identical  materials  and  experience  Indicated 
that  "crack  resistance"  Is  very  dependent  on  sheet  thickness,  grain  direction, 
heat  treatment  and  heat  of  material.  To  provide  a  reliable  comparison  of 
these  Mthods,  It  was  decided  to  conduct  these  tests  on  identical  sheets 
of  material.  Several  "typical"  materials  were  selected  to  be  evaluated  by 
each  of  these  methods.  To  provide  a  basis  for  conqparlson,  large  cracked 
specimens  were  fabricated  from  the  same  sheets  of  material.  Close  liaison 
was  established  with  the  ABTH  Fracture  CoasDlttee  and  several  meift>ers  of  that 
group  volunteered  to  perform  further  tests  on  these  materials.  1%e  following 
Individuals  participated  in  the  Project  Activity. 
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The  purpose  of  this  report  Is  to: 

1.  Present  the  Results  and  Conclusions  of  the  Industry-wide  prograa 
si>onsored  by  ARTC  Project  W-9T  to  evaluate  various  "screening" 
test  methods  for  "tear  resistance"  of  metallic  sheet  materials. 

2.  Describe  the  test  method  reooeasnded  by  the  Project. 


COWCLUSIOHS  &  RECOUfflHDATIOHB 

1.  A  recommended  notched  specimen  for  screening  purposes  is  described  in 
Appendix  "A".  This  is  basically  the  same  as  the  edge  notched  tensile 
coupon  recommended  by  the  AS19(  Fracture  Committee  (Ref.  l). 

2.  It  is  recommended  that  this  test  be  limited  to  evaluating  the  effect 
of  the  following  variables  on  material  "Tear  Resistance". 

a.  Test  teoqperature 

b.  Sheet  thickness 
e.  Process  variables 

d.  Variations  in  composition  within  a  particular  "class" 
of  materials. 

3.  Within  the  variations  of  the  notch  specimens  used  in  the  program,  the 
test  data  appeau:  to  verify  the  conclusion  of  the  A8TM  Committee  that 
the  notched -unnotched  strength  ratio  is  a  fairly  consistent  mateirlal 
property  provided  that  K^;  ^l8. 

Based  on  available  evidence,  this  sharp  notched -unnotched  ratio  appears 
to  provide  as  dependable  an  indication  of  a  material's  static  crack 
resistance  as  any  other  small  screening  specimen. 

3.  The  notched -unnotched  tensile  ratio  is  universally  useful  for  screening 
pxtrposes  since  anyone  doing  serious  work  will  be  running  tensile  tests 
and  little  additional  equipment  is  needed. 

6.  R>wever,  no  one  test  procedure  is  uniquely  suited  to  measure  a  material's 
crack  sensitivity.  Each  test  provides  additional  information  about 

a  material's  behavior  (e.g.,  notched  Iqpact  resistance,  resistance  to 
fatigue  crack  growth,  etc.). 

7.  The  material  "Fracture  Toughness"  (l^  .  Js,  ^  )  should  be  determined 
when  close  choices  are  to  be  made,  ror  many  amterlals  under  considera¬ 
tion,  the  small  screening  si>eclmen  will  result  in  net  failure  stress 

^  yield  stress.  In  this  case,  the  value  obtained  will  be  only  a 
"minimum"  value  and  a  elder  specimen  will  be  required  for  a  more  accurate 
evaluation . 
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COWPLUBIOHB  A  RBCOMgMDATIOHB  (Continued) 


8.  It  is  reeoBMnded  that  another  project  be  organised  vith  the  aim  of 
establishing  a  standard  test  procedure  for  determining  design  criteria 
for  tear  resistance  of  metallic  sheet  material.  There  are  nov  sereral 
methods  in  use  for  analysing  a  structure  to  insure  its  resistance  to 
crack  propagation  failure.  Among  these  are  the  "Energy  Method"  (Ref.  l), 
the  "Stress  Concentration  Ihctor  Method"  (Ref.  2),  and  also  an  effective 
vldth  concept  (Ref.  3).  It  vlll  first  of  all  be  required  to  revlev 
these  methods  to  establish  idilch  material  parameter  or  parameters  are 
required.  Following  this,  it  should  be  possible  to  standardise  e  test 
specimen  and  procedure. 


SCOPE  OP  TEST  PROGRAM 


Thirteen  proposed  "screening”  specimens  were  used  to  evaluate 
five  materials : 


2024 -T3  Bare  Aluminum  Alloy 

7075 -T6 

AM350  CRT850  Stainless  Steel 

AM350  CRTIO5O 
3OIXX  Full  Hard 

Relatively  large  (up  to  30  In.  wide)  cracked  specimens  were 
fabricated  from  the  same  sheets  of  material  and  tension  loaded  to 
failure  to  provide  a  basis  of  comparison. 

The  two  aluminum  alloys  were  selected  since  the  relative  crack 
resistance  of  these  two  materials  has  been  well  established  from  service 
experience.  (Because  of  Its  greater  crack  resistance,  2024-T3  has 
replaced  7075-T6  for  the  skins  of  pressurized  fuselages.)  Three  typical 
high  strength  stainless  steels  were  selected  which.  It  was  anticipated, 
would  provide  a  relatively  wide  variation  in  crack  resistance.  It  was 
not  required  that  the  "screening"  specimens  be  able  to  rate  all  five 
materials  collectively,  but  only  that  it  rank  the  2  aluminums  in  their 
correct  relationship  and  likewise  the  3  stainless  steels. 

For  economy's  sake,  teste  were  basically  limited  to  one  grain 
direction  (transverse)  and  one  temperature  (room  temperature).  The 
materials  selected  were  known  to  be  relatively  Insensitive  to  tempera¬ 
ture  In  this  region. 

DESCRIPTION  OF  MATHtlAI^ 


The  two  alundziaa  allOTS^  202U-T3  and  7075-16,  have  both  been  used 
extensively  in  aircraft  structures  for  many  years  and  are  now  furnished 
with  an  extremely  small  range  of  variations  in  properties.  The  chemical 
oospositions,  as  detenlned  at  Lockheed,  are  listed  in  Table  I  with  the 
heat  treatments  in  Table  III.  These  materials  were  procured  from  Locldieed 
Production  stores. 

For  the  steel  alloys,  the  chemical  compositions,  as  furnished  by 
the  producer  are  Included  in  Table  II  with  the  beat  treatawnts  listed  in 
Table  IV.  The  AM3$)  was  procured  from  Lockheed  stores  and  the  301XE  FH 
sheet  was  furnished  by  Alle{^ieny»Lttdlaa. 

All  materials  were  tested  in  the  "as  received"  condition  except 
the  AM350  CRTIO50.  The  "overaging"  at  10^^  was  performed  at  Lockheed. 

The  conventional  tbensile  coupon  properties  of  all  the  materials 
are  listed  in  Table  VII.  T^ical  elongation  vs.  gage  length  curves  for 
the  5  materials  are  Inoluded  in  Fig.  10. 


TEST  METHODS 


"Control**  Speclmons** 

The  control  specimens  were  all  relatively  large,  (9  in  to  30  in  wide) 
sheet  specimens  in  which  either  a  central  or  edge  crack  was  induced.  This 
may  either  be  a  very  sharp  slot  or  a  fatigue  crack. 


[  f  M  M  t  1 

^  Uniform 

'  tensile:  ^ 

f  t  1  ♦  f  M  ■ 

stress 

'"-V^Fatigue  < 

crack 

or 

sharp  slot 

1  t  t  M  (  t 

' 

hrrrrm 

The  specimens  were  loaded  to  failure  in  increments,  while  a  record 
of  the  crack  length  was  obtained.  In  a  test  of  this  type,  after  a  certain 
load  is  reached,  the  crack  begins  to  grow  stably  with  increasing  load.  At 
a  somewhat  higher  load  and  corresponding  crack  length,  the  crack  will  begin 
to  grow  "spontaneously**  without  any  additional  load.  Depending  on  the  material 
and  the  inertia  of  the  loading  mechanism,  the  specimen  will  either  fail 
instantaneously  at  this  point,  or  the  load  will  slowly  drop  off  as  the  cra^k 
progresses  across  the  specimen.  In  either  event,  this  maximum  load  and 
corresponding  crack  length  are  used  as  the  bases  of  comparing  the  crack 
resistance  of  materials. 


The  results  were  interpreted  in  terms  of  the  "Energy"  Method 
(Pef,  1),  As  originally  proposed  by  A,  A,  Griffith  for  brittle  materials 
(Ref,  li)  this  theory  stated  that  a  constant  quantity  of  energy  was  absorbed 
as  a  crack  progressed  through  a  particular  material.  It  is  now  known  that 
this  energy  varies  considerably  with  various  factors,  including  crack  length 
and  specimen  size.  For  metallic  materials,  most  of  this  energy  is  expended 
in  the  plastic  deformation  at  the  crack  surface.  The  source  of  this  energy 
is  the  elastic  stored  energy  in  the  surroxinding  material  which  becomes 
available  as  the  stress  is  released  due  to  the  crack  growth,  V/hen  the  rate 
at  which  the  elastic  energy  is  released  becomes  equal  to  the  required  energy  ‘ 
rate  to  propagate  the  crack,  the  crack  will  grow  "spontaneously**.  The  rate 
at  which  energy  is  absorbed  with  crack  growth  is  expressed  as  *'dw**  (in  -  lbs) 

3a  in*^ 

which  may  be  thought  of  as  the  work  expended  in  forming  a  unit  area  of  cracked 
surface.  Another  material  property  involved  is  the  modulus  of  elasticity  "E", 
The  significant  material  parameter  then  is  E  dw  which  is  a  measure  of  a 
material's  crack  resistance,  3a 


Neglecting  secondary  effects,  which  unfortxmately  in  practice  cannot 
be  Ignored,  it  may  be  shown  that 

I  3^ 

^E  cla  EQ*  1 


where 


E  - 
c  ■ 
dw  ■ 
da 


Jc  ,  ^ 

critical  gross  area  stress  (psl; 

modulus  of  elasticity  (psi) 

critical  crack  length  (in) 

rate  at  which  energy  is  absorbed  in  expanding 

a  crack  per  unit  area  (in-ps) 
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TEST  METHODS  (Continued) 


There  are  at  least  two  pronounced  '’correction  factors"  to  this 
equation.  First,  in  the  region  of  the  crack,  the  material  is  strained 
far  into  the  plastic  region  and  the  ordinary  linear  relationship  between 
stress  and  strain  upon  wJiich  Eq,  1  is  based  is  not  valid.  Second^ all 
specimens  and  structures  have  finite  geometries,  and  these  "boundary 
conditions"  enter  the  picture.  Unforttuiately,  the  magnitude  of  these 
effects  vary  considerably  depending  upon  the  material,  A  graphical  method 
of  accounting  for  these  factors  quantitatively  is  presented  by  Dr,  Irvin  of 
the  Naval  Research  Laboratory  in  Ref.  1.  Dr.  Irvin  uses  Kg  ■  JE  ^  which 
he  terms  the  •'Fracture  Toughness"  as  a  measure  of  a  material's  craCK  resistance. 
The  control  specimen  results  are  interpreted  on  the  basis  of  this  method. 

An  examination  of  Eq,  1  will  give  an  indication  of  the  difficulty 
in  obtaining  reliable  "Kg"  values  from  small  "screening"  specimens,  A  small 
specimen,  can  only  have  a  short  crack.  Optimum  results  seem  to  come  vdien 
the  crack  length  is  in  the  order  of  l/h  to  l/3  of  the  specimen  width.  From 
Eq,  1,  as  the  crack  length  decreases,  a  higher  results.  Consequently 

a  minimum  length  crack  is  required  to  avoid  a  net  Mnslon  failure. 


In  practice,  when  the  net  fracture  stress  is  greater  than  the 
material  yield  strength,  the  "K^"  value  obtained  is  only  considered  as  a 
"minimum"  value  for  the  material,  and  a  larger  specimen  is  used  if  a  closer 
appzx>ximation  of  "Kc"  is  desired, 

"Screening" Specimens 

With  two  exceptions,  the  "screening"  specimen  results  are  Interpreted 
in  terms  of  either  a  non-dimensional  notched-unnotched  strength  ratio,  or  an 
energy  absorption  value.  Energy  is  either  measured  by  a  notched  l^>aet  test 
or  by  slowly  "tearing"  a  specimen  and  measxirlng  the  area  under  the  load- 
head  travel  curve, 
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TEST  METHODS  (Continued) 


In  addition,  it  is  possible  to  interpret  the  notched  tensile  coupon 
results  in  terms  of  an  energy  parameter  ”  Kg  ”  by  the  method  of  Ref,  1* 
Unfortunately. for  most  of  the  materials  under  consideration,  these  small 
notched  tensile  coupons  result  in  net  fracture  stresses  greater  than  the 
material  yield  strength  and  the  ••  ”  values  obtained  may  only  be  considered 

as  "minimum”  values, 

A  very  brief  description  of  the  various  test  methods  is  given  below. 
Further  details  can  best  be  obtained  by  contacting  the  appropriate  indivi duals 
directly. 


DOUGUS.  CONVAIR,  NASA,  &  JPL  NOTCHED  TEW3IIE  TESTS 


Load 


SPECIMEN 

cA- 

w 

(in) 

p 

(in) 

2  a 
(in) 

Douglas 

60® 

.75 

,002-,003. 

.53 

10.0 

Convalr  (for  Aiun) 

1,00 

,001 

,66 

18,7 

Convair  (for  Steel) 

1,00 

.0035 

.66 

9.1 

NASA 

60® 

1,00 

.001  Max. 

.70-.65 

18,0 

JPL 

U5® 

1,50 

.002  Max, 

.886 

15.0 
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WRT.  NOTTHTCn  TF.M??TTR  TTP.RT 


This  specljnen  is  first  fatigued  until  the  desired  length  of  fatigue 
crack  is  obtained  (32  to  Uo^  of  the  specimen  width).  Static  tensile  load 
is  then  applied  to  failure.  Since  the  specimen  is  so  small,  the  length  of 
the  fatigue  crack  is  used  as  a  basis  of  evaluation  rather  than  attenpibing 
to  measTire  the  stable  crack  growth  which  is  very  sli^t.  The  net  area 
notched  tensile  strength  is  con^ared  to  the  unnotched  tensile  ultimate 
strength, 

FAnOUE  CRACK.  GFOWIH  TEST  (Douglas) 


where 


1  g  gross  area  stress  *  39*9  KSSI  for  Steel 
1  g  gross  area  stress  •  13,3  KSI  for  Aluminum 


Crack  growth  is  recorded  to  failure  and  plotted 


Crack 

Length 


No,  of  Cyc^o|^ 


TEST  METHODS  (Continued) 

The  slope  of  the  curve,  ^  ^  crack  length  of  1  inch  Is  used 

as  the  quantitative  measure  of  fatrgue  crack  growth  resistance}  the  lower 
the  ^  value,  the  bettor  the  material. 

The  Notched-Unnotched  Strength  of  L  inch  Wide  Cracki^  Specimens  is 
obtained  using  the  bouglas  fatigue  crack  growtli  specimen.  The  test  procedure 
is  the  same  except  that  after  the  fatigue  crack  reaches  a  predetendned 
length,  the  fatiguing  is  stopped  and  the  specimen  is  statically  loaded  to 
failure  with  crack  growth  measurements  being  taken.  The  maximum  load  and 
corresponding  crack  length  are  plotted 


For  quantitative  evaluation,  the  notchad^nmotchad  ratio  idian  the 
sheet  is  cracked  to  20$  of  its  width  is  reported  as  a  measure  of  cradc 
resistance  KAHN  nOL  TEST  (Convair) 


The  specimen  is  continuously  loade(^  to  failure  and  a  plot  of  load 
vs  machine  head  travel  is  obtained 
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Ihe  aMa  under  this  curve  after  tearing  begins  (le  maxlimim  load)  la 
a  measure  of  the  energy  irequlred  to  propagate  the  crack*  ' 


DOUGIAS  TEAR  TEST 


OF  SPECIMEN 


EARS  BENT 


SPECIMEN  READY 
FOR  TEST 


The  test  procedure  Is  basically  the  same  as  for  the  Kahn  Test  vlth 
a  plot  of  load  vs*  machine  head  travel  being  obtained*  Once  again  the 
area  )mder  the  curve  after  maximum  load  is  used  to  measure  "tear  resistanoe"* 

I 


DROP  BALL  IMPACT  TEST(Ryan) 


Slot  *125  long  X  ,OOS  wide 
with  *002  end  radlua 


Specimen 
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TEST  METHODS  (Continued) 


The  weighted  ball  la  dropped  from  suecesairely  higher  levels  until 
a  crack  develops  at  the  ends  of  the  elox  slot*  Each  specimen  is  only  struck 
once  after  which  it  is  replaced*  The  potential  energy  of  the  ball  at  the 
highest  level  from  which  it  may  be  dropped  without  cracking  the  specimen  is 
used  as  the  criterion  of  crack  reslat^ce*  Several  drops  are  made  around 
this  level  to  verify  the  results* 

The  Notche^d  Teyile  Impact  Spysimen  (JPL)  was  the  same  as  the  JPL 
notched  specimen  10  *  Special  fixtures  were  used  to  mount  the  speclmsn 
in  a  conventional  inpaot  testing  machine  so  that  axial  impact  load  was 
applied  to  the  specimen*  Material  conparisoxis  are  made  on  the  basis  of  the 
energy  absorbed  in  failing  the  specimen* 

Alllecn  Ifanotchad  Bid  Tegt 


The  specimen  is  loaded  to  failure  at  a  constant  orosshead  speed  of 
approximately  5  in/mln.  A  record  of  load  vs*  time  is  obtained 


The  load  reaches  a  maximum  and  then  slowly  drops  off  to  a  certain 
point  at  which  time  conplete  failure  occurs*  Observation  of  the  specimen 
shows  that  at  maximum  load,  Pbbx,  a  crack  develops  in  the  surface  and  slowly 
progresses  through  the  section  until  Pfail  when  cosplete  failure  occurs* 
These  loads  are  converted  to  corresponding  bending  stresses  (7^ g^x  ^^all 
and  the  difference  CTinax  "^all  ^  **  *  criterion  of  crlcK  reslsOnce* 
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METHODS  (Continued) 

Char py  Impact  Test  (Boeing) 

Those  wore  standard  notch  simple  beam  Inpact  specimens  except 
for  thickness,  since  the  sheet  gages  were  considerably  under  the  StanArd* 
(Ref,  ASTM  Staxvlards  Vol,  ^^)  Steel  doublers,  were  bonded  onWvt^e  ends  of 
thi  specimens  to  bring  them  to  the  standard  width  at  the  ends* 
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TEST  RESULTS 


A  aummary  of  the  teat  reaulta  la  preaented  in  Table  VII.  For  the 
■oat  i>art,  the  "acreenlng"  teat  reaulta  are  the  average  of  5  specimens 
and  the  "control"  resnlts  of  2  speclnens. 

The  Fracture  Toughness  values  "K  "  are  aunnnarlzed  in  Table  Vlll 
which  Includes  a  tabulation  of  the  ■aximum  valid  "K^"  values  for  various 
specimen  widths  based  on  the  Fn^  •  Fmy  limitation  (Ref.  l).  These 
results  are  presented  graphically  in  fig.  1  and  Fig.  2. 

Both  the  Naval  Research  Laboratory  and  the  Jet  Propulsion  Labora¬ 
tory  also  furnished  data  on  the  percent  shear  lip  observed,  which  are 
presented  in  Table  V.  A  100^  shear  lip  indicates  a  cosipletely  "ductile" 
or  "shear"  failure,  whereas  0^6  designates  a  completely  "brittle"  or 
"cleavage"  failure. 

In  the  case  of  the  relatively  wide  centrally  cracked  specimens, 
buckling  was  observed.  This  is  caused  by  the  high  shear  stresses  as  the 
load  is  transferred  around  the  ends  of  the  crack.  To  evaluate  the  effect 
of  this  buckling,  the  NRL  also  furnished  a  comparison  of  "K^"  values 
obtained  from  specimens  in  which  buckling  occurred  with  those  in  which 
buckling  was  prevented  by  suj^rting  the  specimen  against  lateral  deflec¬ 
tion.  These  results  are  included  in  Table  VI,  which  indicates  that  the 
effect  of  buckling  on  apparent  "K^"  values  was  not  excessive  for  the 
12  in.  wide  specimens,  varying  from  approx.  0  to  However,  this 
reduction  may  be  expected  to  increase  rapidly  with  speclamn  width  and 
for  this  reason,  all  specimens  wider  than  12  in.  were  stabilized  against 
buckling. 

Centrally  notched  tensile  tests  were  also  conducted  at  the  NRL 
to  determine  the  effects  of  temperature  on  the  subject  materials.  Ibese 
data  are  presented  graphically  in  fig.  3  through  Fig.  9* 
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DISCUSSION  OF  RESULTS 


"Control”  Specimens 

An  examination  of  Fig.  1  and  Fig.  2  indicates  a  noticeable  vari¬ 
ation  of  "Kg"  with  specimen  width.  There  does  not  appear  to  be  a 
consistent  pattern  to  this  variation.  For  three  materials,  "K  "  increases 
with  specimen  width,  in  one  case  it  remains  relatively  constant  and  in 
one  it  decreases.  Although  this  variation  is  not  excessive,  it  is 
sufficient  to  prevent  any  close  quantitative  correlation  between  the 
small  "screening"  specimens  and  the  large  "control"  8i)ecimens.  Ihe 
ranking  of  the  materials  is,  however,  quite  well  defined  by  the  "control" 
specimens  viz. 

Aluminum  Alloys  Stainless  Steels 

2024 -T3  AM350  CRT850 

7075 -t6  AM350  CRTIO50 

3OIXX  FH 

The  "screening"  specimens  were  therefore  compared  primarily  on 
the  basis  of  the  order  in  which  they  ranked  the  materials. 

"Screening"Speclmene 

Moat  of  the  "screening"  specimens  ranked  the  materials  in  the  same 
order  as  the  "control"  specimens.  The  exceptions  were  the  3  impact  tests 
and  the  rate  of  growth  of  a  fatigue  crack,  which  reversed  the  rating  of 
the  tempering  temperatures  of  AM350  CRT.  This  does  not  mean  that  these 
tests  are  unreliable,  but  rather  it  appears  that  they  are  evaluating  a 
somewhat  different  material  property  or  properties.  These  properties, 
particularly  the  rate  of  fatigue  crack  growth  are  certainly  significant 
in  materials  evaluation. 

Three  of  the  materials  proved  too  "tough"  to  be  evaluated  by  either 
the  Allison  Bend  Test  or  the  "K  "  values  from  the  notched  tensile  coupon. 
The  latter  does,  however,  provide  a  "minimum"  Kg  value  which  may  be  useful 
for  "screening"  purposes. 

All  the  notched-unnotched  tensile  strength  ratios  as  well  as  the 
KAHN  and  Douglas  Tear  Tests  ranked  the  materials  in  the  same  order  as  the 
large  "screening"  specimens,  although  in  the  KAHN  Test,  one  material 
(AJC50  CRTIO5O)  proved  too  tough  to  be  evaluated  quantitatively.  This  is 
curious  since  the  large  "control"  specimens  indicated  that  the  8^0  temper 
was  even  tougher  than  the  1050,  although  the  KAHN  test  could  evaluate  it. 
Numerous  unpublished  data  from  ALCOA  Research  Laboratories  indicate  a 
close  correlation  between  the  KAHN  Test  and  "Kg"  values  from  16  in.  wide 
cracked  panels  for  aluminum  alloys  with  relatively  low  "Kg"  values. 

However,  for  relatively  tough  aluminum  aOLloys,  there  was  no  consistent 
correlation.  On  the  basis  of  prsssntly  avidJUbls  evidsnos,  it  thsrsfors 
appears  that  the  KAHN  Test  is  primarily  usefnl  for  dlsting^shlng  rela¬ 
tively  "brittle"  materials. 
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DISCUSSION  OF  RESULTS  (Continued) 


"Screening"  Specimens  (cont.) 

The  effect  of  teugwrature  on  the  materials'  "notch  toughness"  Is 
shown  In  Fig.  5  through  Fig.  9  based  on  the  NRL  notched  specimen.  Included 
in  these  figures  and  also  In  Table  V  are  fracture  appearance  data.  These 
data  are  of  particular  interest  when  a  material  undergoes  a  "ductile"  to 
"brittle"  transition.  However  measurement  of  percent  shear  very  often 
requires  a  considerable  amount  of  Judgement  on  the  part  of  the  observer 
and  for  this  reason  it  does  not  lend  Itself  to  an  Industry-wide  standard 
"screening"  test. 

The  notched-unnotched  tensile  ratios  are  plotted  vs.  stress  concen¬ 
tration  factor  in  Fig.  3  and  Fig.  In  view  of  the  very  considerable 
differences  among  the  various  specimens  (notch  angle,  specimen  width, 
method  of  notching,  etc.)  the  scatter  In  results  Is  not  excessive.  It 
appears  that  for  high  K^.  values,  the  notched-unnotched  ratio  is  a  reason¬ 
ably  constant  material  property.  The  ASTM  Fracture  Committee  in  Ref.  1 
concluded  that  there  was  little  decrease  in  notched-unnotched  ratio  when 
K^.  is  Increased  beyond  K^.  =  l8  (see  coupon  Pig.  I-l).  Figs.  3  ^  tend 

to  bear  out  this  conclusion. 

The  notched-unnotched  tensile  strength  was  selected  by  the  Project 
for  the  following  reasons: 

1.  The  ASTM  Fracture  Committee  has  tentatively  adopted  this  method 
(specifically  the  NASA  configuration)  for  "screening"  specimens. 

2.  The  specimen  preparation  and  testing  are  relatively  simple  and  most 
laboratories  would  not  require  any  more  equipment  than  is  used  for 
a  conventional  tensile  test. 

3.  Within  the  variations  of  the  notch  specimens  used  In  the  program, 
these  data  appear  to  verify  the  conclusion  of  the  ASTM  Committee  that 
the  notched-unnotched  ratio  is  a  fairly  consistent  material  piroperty 
provided  that  the  K^.  ^  18. 

4.  Based  on  available  evidence,  the  sharp  edge  notched  tensile  coupon 
appears  to  provide  as  dependable  an  Indication  of  a  material's 
"crack  resistance"  as  any  other  small  "screening"  specimen. 

It  Is  not  meant  to  Imply  that  this  test  should  replace  all  the 
existing  "screening"  teste.  As  indicated  previously,  each  test  provides 
additional  information  about  a  material's  behavior.  In  addition,  It  is 
recognized  that  the  data  accumulated  to  date  are  not  sufficient  to 
"conclude"  the  question  of  a  "screening”  specimen. 

Since  the  notched-unnotched  ratio  is  a  non-dimensional  reduction 
factor,  its  primary  usefulness  Is  for  comparison  of  materials  of  approxi¬ 
mately  the  same  tensile  strengths.  It  Is  suggested  that  the  notched- 
unnotched  ratio  be  used  only  as  a  preliminary  "screening"  test  to  evaluate 
the  effects  of: 
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DI8GU88I0W  OF  RESULTS  (Continued) 


"Screening”  Specimens  (cont.) 

a.  Test  tentperature 

b.  Sheet  thickness 

c.  Process  variables 

d.  Variations  in  composition  within  a 
particular  "class"  of  materials. 

For  predicting  quantitatively  the  behavior  of  materials  in  service, 
more  sophisticated  tests  are  required.  It  is  therefore  recommended  that 
another  project  be  organized  with  the  aim  of  establishing  a  standard  test 
procedure  for  determining  the  design  criteria  for  tear  resistance  of 
metallic  sheet  material. 

Scope  of  Proposed  Design  Project 

It  will  first  be  required  to  review  the  methods  now  in  use  for 
analyzing  structures  to  insure  against  crack  propagation  failures.  As  well 
as  the  "Energy  Method"  already  mentioned,  there  are  several  other  approaches 
currently  in  use.  One  of  these  is  the  "Stress  Concentration  Factor  Method 
(Ref.  2).  This  factor  is  defined  by  an  effective  radius (p)  at  the  crack 
tip  in  addition  to  a  plasticity  correction  factor  (/y)  both  of  which  may  be 
combined  into  a  single  material  parameter  {  Jl.  ). 

Another  method  (Ref.  3)  is  to  assume  that  the  load  being  shed  by 
the  material  in  the  cracked  area  is  transferred  to  an  "effective  width" 
of  material  ( )  in  front  of  the  crack.  Failure  results  when  this  full 
effective  width  is  worked  to  the  material  ultimate  strength.  In  this  case, 
a  material's  crack  resistance  Is  expressed  in  terms  of  the  effective  width 
which  Is  considered  a  basic  material  property. 

A  logical  Initial  step  would  appear  to  be  a  survey  of  the  industry 
to  determine  if  there  is  sufficient  agreement  on  the  design  parameters 
required.  If  the  results  are  affirmative,  it  should  then  be  possible  to 
standardize  on  a  test  method  or  methods. 
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TABLE  I 


CHEHICAL  COMPOSITIONS  OF  ALUMINUM  ALLOYS 


tfaiterlal 

Cu 

Ms 

m 

Fe 

8g 

Cr 

Zn'  ~ 

T1 

A1 

2024 -T3 
7G75-T6 

4.41 

1.25 

1.20 

2.25 

0.67 

Nil 

0.24 

0.19 

Nil 

0.19 

0.085 

5.10 

0.03 

0.093 

Ren. 

Ren. 

TABLE  II 

CHEMICAL  COMPOSITIONS  OF  STAINLESS  STEELS 


Heat 

L  c  a  j 

L  C 

0  tt  p  ( 

>  a  1 

t  i  0 

n 

Material 

Niniber 

C 

Ml 

P 

S 

Cr 

mm 

Mo 

N 

Cu 

AM350 

79726 

.092 

.83 

CVl 

o 

• 

.011 

.43 

16.78 

4.24 

2.82 

.092 

.14 

301 

79284 

.11 

.78 

.022 

.017 

.25 

17.62 

6.90 

- 

- 

m 

TABLE  III 


HEAT  TREATMElfFS  OF  ALUMIIIUM  ALLOYS 


Material 

Solution 

Treatment 

Quench 

IKHPIIII 

Cold  Work 

202l^-T3 

910-930 ’F 
for  30  min. 

Water 

Room  Tenqp. 

Stretched 

7075 -T6 

860 -880 'P 
for  30  min. 

Water 

245-255 *F 
for  24  hre. 

None 

TABLE  IV 

HEAT  TREATieifTB  OF  STAINLESS  STEELS 


Material 

Cold  Rolled 

Temper 

AK35OCRT05O 

Yea 

850 'F 

AM35OCRTIO50 

Yea 

850 ’F 

1050*F  for  1  3 A  hra. 

3OIXXFH 

Yea 

None 

TABLE  V 


FRACTURE  APPEARANCE 


Percents  hear  Llp 


Material 

NRL 

Notched 

Tensile 

Coupon 

1  NRL  Crack  Prc 

naeation  Spec. 

V4X 

static  Liqpact 
Test  Test 

Center 

Crack 

Edge 

Crack 

Center 

Crack 

Edge 

Crack 

.050  202U-T3  Al.  Alloy 
.050  7075-T6  Al,  Alloy 
.025  AM35OCRT850  St.St‘l 
.025  AM350CRT1O5D  St.St'l 
•020  3OIXXFH  St.  St'l 

90 

70 

100 

100 

100 

100  100 

90  90 

100  100 

100  100 

100  100 

100 

100 

68 

100 

100 

100 

67 

100 

KX> 

100 

TABLE  VI 

EFFECT  OF  BUOKUWO  CM 

12  xST  iftflB  c^cic^ 

(Mat'le  Evaluated  in  Longitudinal  6ralA  Direction) 


Crack 

K 

(103  £ 

1  13 

c 

%  Drop  in 

J'c 

Location 

Material 

With  Buckling 
Prevented 

With  Buckling 
Permitted 

Due  to 
Buckling 

Center 

.025  AM350CRT850 

37U 

361 

3.5 

Center 

•02^  AM35OCRTIO5O 

315 

290 

1.9 

Center 

,021  3ornra 

168 

155 

7.7 

Edge 

•025  AM350CRT850 

395 

398 

0.8(inore« 

Edge 

.025  AM3$0CRnO$0 

35U 

331 

6.5 

Edge 

.021  3OUXFH 

181 

176 

2.8 
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APPENDIX  A 


EDGE  NOTCHED  TENSILE  TEST 


DESCRIPTION  OF  SPECIMEN 

A  diagram  of  the  suggested  specimen  is  shown  in  Figwe  I-l.  The  end 
details  are  the  type  used  by  the  NASA;  any  satisfactory  pin  loaded  arrangement  may  be  use 
This  specimen  size  is  recommended  for  sheet  materials  up  to  .065  thick.  For  thlckeif 
materials,  the  specimen  width  should  be  increased  to  provide  a  minimum  width  to 
thickness  ratio  of  l6. 

Ebccept  for  the  notch,  the  machining  of  the  specimen  may  be  accomplished 
by  conventional  methods.  It  has  been  found  most  satisfactory  to  perform  all  the 
machining  operations  before  heat  treatment.  The  preparation  of  the  notch  requires 
special  techniques,  the  method  recommended  by  the  ASIM  (Ref.  l)  being  as  follows: 

A  surface  grinder  is  used  to  produce  a  root  radius  from  0.005  bo  O.OO7  In. 

A  1/2-ln.  thick  A120J  alundvim  wheel  is  dressed  to  a  60-deg  angle,  dead  sharp  for 
this  operation.  Roughing  to  approximately  O.OO5  in.  of  final  depth  can  be  done 
with  two  or  three  redressings.  Coolant  is  applied  to  the  wheel.  The  final  radius 
is  produced  by  fixing  a  carbide  tool  in  the  head  of  a  milling  machine  and  by 
drawing  the  specimen  \mder  the  tool  by  movement  of  the  bed.  Generally,  only  one 
specimen  can  be  worked  at  a  time.  The  tool  is  diamond  ground  to  a  point  and  to 
within  ±1  deg  of  the  notch  angle  produced  by  the  previous  grinding.  Several  cuts 
and  tool  regrlndlng  operations  may  be  necessary  to  produce  a  rsidlus  of  0.001  in. 
maximum.  During  this  procedxire,  the  notch  radius  must  be  frequently  examined  with 
an  optical  comparator  preferably  of  100  X  magnification.  When  replacing  the  tool, 
particular  attention  should  be  given  to  proper  alignment  with  respect  to  the  notch. 

This  can  best  be  acconqilished  with  a  low>power  microscope  mounted  on  the  milling 
machine . 


TEST  APPARATUS  &  PROCEDURE 

The  test  apparatus  and  procedure  are  basically  the  same  as  used  for 
conventional  tensile  coupons.  A  loading  rate  of  1,000  to  10,000  psi  (net  sectlc" 
stress)  per  sec.  is  recounended . 


REPORTINO  OF  RESULTS 


The  net  area  notch  strength  (^^.S.)  should  be  recorded  together  with 
the  corresponding  smooth  ultimate  (CHn/p)  and  0.2$  yield  strength  (CTV.p.)  and  . 
the  notched  unnotched  ratioCJR.S.)  . 

(crtjLT  ) 


The  net  area  notch  strength  is  defined  as 


(y H.S. 


where 


P 

B 

W 

20 


max. 


o 


^  max. 

B  (W  -  20  ) 
o 

maximum  load  (lbs.) 

Sheet  thickness 
Specimen  width  (in.) 

Total  initial  notch  depth  (in.) 


SYKAMIC  NOTCHED  SCBESariNC  TEST 
by 

1  2 
Alfred  J»  Brothers  sad  Howard  E.  Martens 


Abstraot 


The  prooedureSf  oriterla,  and  llsiltations  of  dynamlo  notohed  tests 
currently  in  use  for  sheet  zoaterlal  are  reviewed*  The  effect  of  notch 
acuity  on  dynamio  test  results  is  demonstrated.  Some  recommendations 
for  conducting  axid  interpreting  the  results  of  sheet  impact  tests  are 
described*  1  comparison  of  the  results  of  various  notohed-impaot  tests 
and  the  NASA  and  Ic-'fype  static  notohed-tensile  tests  show  that  the  Im- 
paot  tests  are  mutually  consistent,  but  in  some  materlckls  do  not  oorre- 
late  with  the  results  of  the  static  tests* 

The  most  promising  dynamlo  notohed  soreenlng  test  is  the  preoraoksd- 
notoh  sheet  Charpy  test  Miployed  by  Qmer  and  Bartbowsr* 
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I.  IHTROSDCTION 


The  cvirrent  interes't  in  the  fracture  reslstaace  of  hi^  stren^h  sheet 
material  has  generated  a  great  amount  of  experimentation  to  determine  the 
properties  which  quantitatively  define  or  correlate  with  resistance  to  low 
stress  service  fracture.  Bzperlence  derived  from  notched  tests  of  plate 
materials  and  coiusideratlon  of  anticipated  service  conditions  has  resulted 
in  the  development  of  a  number  of  notched  screening  tests.  Among  these  are 
test  procedures  which  utilize  dynamic  or  impact  loading. 

It  has  been  suggested  that  the  apparent  lack  of  strain  rate  sensitiv¬ 
ity  of  high  strength  ferrous  c^lloys  makes  a  dynamic  test  unnecessary.  How¬ 
ever,  this  should  not  be  considered  as  a  critical  limitation.  If  throui^ 
experience  the  results  of  a  simple,  economioal  dynamic  test  procedure 
ooxrelates  with  other  tests  or  preferably,  service  behavior,  its  use  is 
Justified. 

For  slmplioity  and  clarity,  the  various  dynamic  test  wocedures  have 
been  grouped  into  three  classes}  (l)  notch-bend  Impact,  (2;  notch-tensile 
Impact,  and  (3)  drop-wei^t  type  tests.  Following  a  brief  description  of 
eaoh  type  test  including  its  limitations,  the  results  of  these  tests,  their 
mutual  oorrelatibllity  and  general  usefulness  as  soreenlng  tests  will  be 
deserlbed. 

II.  lOICH-BEin)  IMPACT  TESTS 

Two  notched  bend  teste  derived  from  the  coxxventlonal  T-notohed.Q^py 
Impact  tests  are  the  laminated  sheet  Charpy  specimen  used  by  Arnold' 

Watertown  Arsenal  Laboratozy  and  the  single  .sheet  sub- thickness  edge-notched 
Charpy  test  employed  by  Qmer  and  Hartbower^^'  of  the  same  Laborato:[7. 

These  test  specimens  in  their  criginal  form  are  shown  in  Figure  1.  Arnold, 
to  simulate  more  closely  the  standard  Charpy  specimen,  to  obtain  greater 
test  termperature  control  and  to  increase  absorbed  energy  values,  stacked 
and  riveted  sheets  to  obtain  the  conventional  plate  Charpy  thickness.  For 
simplicity  and  economy,  Omer  and  HartbOwer  test  only  a  single  sheet  thick¬ 
ness.  Omer  has  recently  modified  his  specimen  design  to  obtain  a  precraok 
as  a  notch  radius;  this  is  described  later  in  the  report. 

The  primary  criterion  for  both  these  tests  is  absorbed  energy  measured 
in  a  conventional  or  modified  impact  maohine.  To  aooount  for  slight  differ¬ 
ences  in  thiokness,  Qmer  and  Hartbower  express  energy  as  ft. -lbs.  per  0.1 
inch  thickness. 

Since  both  these  notch  tests  are  loaded  in  bending,  they  are  difficult 
to  perform  on  sheet  thicknesses  less  than  about  0.040".  Also,  at  these 
thicknesses  the  absorbed  energy  values  or  single  sheet  thioknesses  are  about 
0.10  to  3  ft. -lbs.  Although  these  low  energy  values  can  be  measured  accurately 
on  modem  or  eubslze  Impaot  machines,  the  generally  low  level  reduces  oonfi- 
denoe  in  their  signifioanoe. 
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III.  NOTCH  TENSILE  IMPACT  TEST 


To  develop  a  sheet  tensile  impact  test  for  use  over  a  vide  range  of 
thickness )  notch  tensile  impact  specimens  have  been  employed.  One  of  these y 
used  by  the  authors  at  the  Jet  Propulsion  Laboratory,  is  shown  in  Figure  2. 
The  pin-loaded  specimen  rests  in  a  fixture  mounted  in  a  conventional  im¬ 
pact  machine;  these  details  are  shown  in  Figure  For  these  tests,  it  is 
necessary  to  use  doublers  or  stlffiners  to  prevent  deformation  near  the 
loading  pins.  Other  procedures  for  notch  tensile  impact  tests  of  sheet 
have  been  used  at  Armour  Eeseeuroh  Institute (3)  and  Watertown  Arsenal 
Laboratory (4), 

If  from  consideration  of  lack  of  strain  rate  sensitivity,  dynamic 
test  procedures  are  considered  unnecessary,  little  advantage  is  obtained 
in  using  notch  tensile  impact  .tests.  The  specimen  shown  in  Figure  2  re¬ 
quires  as  much  material  as  a  static  notch  tensile  test,  it  is  as  difficult 
to  machine  as  the  NASA  sharp  notch  speoimen  and  ultimately  provides  energy 
results  which  are  believed  to  be  a  more  oomplez  quanti-^  than  strength. 

IV.  mOP-VEIGHT  IMPACT  TEST 

To  determine  the  fracture  resistance  of  very  thin  hlg^-strength 
sheet  steels,  a  notched  drop-ball  or  drop-ve^t  impact  test  has  been 
developed  at  the  Byan  Aeronautical  Company. The  Byan  test,  uslxig 
the  specimen  shown  in  Figure  4  determines  the  minimum  energy  required 
to  initiate  a  crock  at  the  end  of  an  eloz  or  shear  formed  crack.  This 
figure  shows  a  speoimen  before  and  after  testing  in  the  apparatus  shown 
in  Figure  The  speoimen  is  placed  over  a  hole  of  $/8"  diameter  and 
a  weight  containing  a  1/2**  diameter  ball  is  dropped  f^om  Increasingly 
higher  positions  to  determine  the  minimum  energy  required  to  oraok  the 
specimens.  This  prooe^nre  has  been  used  to  oompore  materials  as  thin 
as  .007”. 

T.  PYNAMIC  TEST  CRITEBIA 

The  prlmaxy  test  criterion  of  all  the  above  tests  is  energy.  Generally, 
it  is  ass\imed  that  for  a  given  temperature  ond  sheet  thickness,  the  absorbed 
energy  value  is  proportional  to  the  resistance  to  crack  propagation.  Omer 
and  Hartbover  through  considerations  of  available  stored  elastic  energy  have 
proposed  an  empirical  relationship  between  Charpy  energy  per  unit  thlolmess 
and  Kq,  the  fraotxire  toughness  described  by  Irwin  and  his  associates 

The  fracture  appearance  determined  by  the  relative  amounts  of  cleavage 
and  shear  is  useful  only  in  defining  the  temperature  below  which  a  material 
will  fall  with  very  low  fracture  toughness.  The  usefulness  of  this  criter¬ 
ion  is  limited  to  those  materials  which  (a)  exhibit  shear-to-cleavage  trans¬ 
ition  and  (b)  in  which  full  shear  fracture  is  accompanied  by  high  fracture 
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toughness.  It  should  be  emphasized  that  some  ferrous  and  non-ferrous 
sheet  materials  fracture  with  low  static  notch  ratios  although  the  frac¬ 
tures  exhibit  complete  oblique  shear.  An.  example  of  this  low  stress 
sheeu:  fraotura  behavior  la  demonstrated  in  a  recent  report  by  Srawley 
and  BeachemN * /• 

To  date  there  la  Insufficient  information  to  determine  conclusively 
Aether  materials  exhibiting  low  stress  shear  fracture  will  also  fracture 
with  low  energy  in  an  Impact  test.  Until  more  data  is  available,  it  is 
apparent  that  both  the  fracture  appearance  and  energy  criterion  for  these 
materials  should  be  Interpreted  with  caution. 

Since  absorbed  energy  is  an  Integral  quantity  \diich  includes  both 
the  initiation  and  propagation  aspects  of  fracture,  it  is  apparent  that 
those  variables  affecting  crack  initiation  will  be  reflected  in  the  mea¬ 
sured  energy.  Of  most  significance  is  the  effect  of  notch  acuity.  Figure 
6  shows  the  effect  of  notch  radius  on  sub- thickness  Charpy  tests  results 
of  three  high  strength  steels,  the  properties  of  which  are  shown  in  Table 
I.  These  properties  include  the  fracture  toughness,  which  was  measvired 
cn  nine  inch  wide  panels  containing  a  1.3”  long  central  slot  terminating 
in  a  fatigue  crack.  The  values  shown  in  Figure  6  indicate  that  in  the 
presence  of  a  blunt,  l.e.,  10  mil  radius  notch  that  a  material  of  very 
low  fracture  toughness  may  exhibit  high  absorbed  energy.  This  figure 
also  shows  that  the  notch  radius  affects  the  energy  level  of  materials 
at  each  of  the  Kg  levels  Investigated.  Decreasing  the  notch  radius  from 
.010  to  .0013  lowered  the  absorbed  energy  2-6  fold. 

Figure  7  shows  the  effect  of  notch  acuity  on  the  correlation  of  sub- 
thickness  Chariy  properties  and  G,.,  a  quantity  proportional  to  the 
fracture  is  toughness.  This  data,  from  Omer,  shows  that  scatter  is  mini¬ 
mized  and  the  correlation  improved,  using  a  sharp  crack  rather  than  the 
standard  .010”  radius.  The  precrack  in  these  specimexis  was  obtained  by 
oonpresslvely .  prestreLlnlng  a  tapered  notch  at  llqiiid  nitrogen  temperatures 
and  permitting  the  crack  to  form  spontaneously  under  conditions  of  high 
residual  tension  stresses.  %e  details  of  this  specimen  are  shown  in  Fig¬ 
ure  8  and  described  in  Reference  (2).  Recent  correspondence  from  Omer 
indicates  that  fatigue  cracking  is  also  a  feasibls  method  of  precraoking 
Ch6u:py  specimens. 

?I.  CCMPARISON  OP  TEST  PROCEDURES 

As  part  of  a  recent  experimental  program  by  the  V-97  Panel  of  the 
ARTC,  several  sheet  alloys  were  evaluated  using  a  number  of  static  and 
dynamic  test  {trooedures  including  most  of  the  teste  described  in  this 
report.  A  summary  of  these  are  shown  in  Table  II.  For  comparison  pur¬ 
poses,  the  table  Inoludes  conventional  fracture  properties  meeisured  in 
static  nctch  tensile  tests  with  the  RASA  sharp  notch  test  specimen  and 
wide  center  slotted  specimens  suitable  for  determining  reliable  values 
of  Kg,  the  fracture  toogimess.  £ach  of  the  dynamic  tests  rate  the  mater¬ 
ials  in  the  same  order  and  with  the  exception  of  the  AH330  alloy  are 
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comiistent  with  the  results  of  the  static  notched  tests.  The  apparent 
lack  of  correlation  between  dynamic  and  static  tests  of  the  AM550  alloy 
may,  for  the  edge-notch  Charpy  and  JPL  notch- tensile  impact  toot,  be 
attributed  to  test  data  scatter.  The  difference  in  energy  values  as 
measured  in  the  drop-weight  test  indicates  an  obvious  difference,  the 
meaning  of  which  remains  to  be  clarified. 

VII.  CONCLUSIONS 

From  consideration  of  the  above  described  test  procedures  and  re¬ 
sults,  the  following  conclusions  have  been  drawni 

1.  The  results  of  the  W-97  Panel  Correlation  Program  has  indicated 
the  mutual  correlatibility  of  each  of  the  dynamic  test  procedures  described 
above.  Proof  of  a  practical  correlation  between  dynamic  wd  static  test 
results  remains  uncertain. 

2.  From  the  limited  data  presently  available,  the  edge-notch  pre¬ 
cracked  Charpy  test  used  by  Omer  and  Hartbowbr  appears  to  be  the  most 
promising  of  the  currently  available  dynamic  test  procedures.  However, 
the  great  affect  of  notch  acuity  on  absorbed  energy  values  suggests  cau¬ 
tion  in  the  use  of  this  or  any  of  the  dynamic  test  procedures. 

3.  For  specimen  thicknesses  less  than  about  O.O4O,  all  of  the  test 
procedures  described  above  offer  little  obvious  eulvantage  over  the  currently 
established  static  notch  tensile  tests.  Subsequent  to  further  experiment¬ 
ation,  the  Byan  drop-weight  test  may  prove  a  sLiple  and  eoonooioml  test 
procedure  for  very  thin  sheets. 
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TABLE  I 


ROOM  TEMPERATURE  TENSILE  AND  FRACTURE 
PROPERTIES  OF  O.O3O  INCH  THICK  STEEL  SHEETS* 


H-218 

17-7PH  (TH107'i 

AM350SCT 

Tensile  Properties 

Tensile  Strength,  kpsi 

250.0 

209.0 

215.0 

0*2^  Yield  Strength,  kpsi 

210.0 

199.0 

180.0 

Elong.  in  Two  Inches,  ^ 

6.0 

6.0 

15.0 

Fracture  Rropertles** 

Cross  Section  Fracture  Stress, 

kpsi  54.6 

60.4 

85.5 

Oraok  Length  at  Fracture,  inch 

1.50 

1.55 

i.98 

Fracture  Tou^imees,  K^,  kpsi 

in.  54 

96 

155 

NOTES  I  *Tran8yel«e  properties 

**Nine  inch  wide  center  slotted  speoimen  with  fstigoe  oraok 
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led  using  9”  wide  center  slotted  speelBen  with  fatigue  crack 


Laminated-Sheet  Charpy  Test  Specimen  (Arnold) 


TIICUEIt 


Sub-Thidcness  £dge  Notched  Charpy  Specimen  (Onaer) 


riGURB  1  CHARPT  TTPE  SHEET  TEST  SPECIMENS 
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FIQUBE  2  MCnCH  TQIS11£  IMPACT  SPECIMEN 
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FIGURE  3  NOTCH-TENSILE  IMPACT  TEST  FIXTURE 


FIGURE  4  RYAN  DROP -WEIGHT  TEST  SPECIMEN 
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OP  0.050  INCH  THICK  HIGH  STRENGTH  STEEL  SHEET 
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FIGURE  '8  '  TAPER  NOTCHED  SPECIMEN  AND  TYPICAL 


INSTRUMENTED  BEND  TESTS  APPLIED  TO 
PRESSURE  VESSEL  RELIABILITY 


By 

R.  McPhee*,  K.  E.  Muszar*,  G.  R.  Sippel**,  G.  L.  .Vonnegut*** 


Abstract 


A  method  for  evaluation  of  rocket  motor  case  materials  and  processes, 
involving  uniaxial  strength  and  crack  propagation  resistance,  is  discussed. 
The  Instrumented  Bend  Test  provides  a  simple  and  inexpensive  test  for 
measurement  of  the  crack  propagation  pareuneter  values.  A  description  of 
the  test  and  its  correlation  with  other,  crack  propagation  tests  and  pressure 
vessel  behavior  is  presented.  Instrumented  Bend  Test' results  show  a  good 
degree  of  correlation  when  obtained  in  different  laboratories  on  the  same 
lots  of  samples. 

Data  on  three  high  strength  rocket  motor  case  steels  are  presented  showing 
that  elevated  temperature  embrittlement  occurs  in  these  materials  when 
tempered  below  800 ‘F. 


I,  Method  for  Evaluation  of  Rocket  Motor  Case  Materials  and  Processes 

The  two  main  properties  of  a  material,  which  determine  its  behavior 
in  pressure  vessel  applications,  are  the  uniaxial  strength  and  crack 
propagation  resistance.  In  general,  these  two  properties  vary  in¬ 
versely  one  to  the  other;  i.  e. ,  the  higher  the  strength,  the  lower  the 
crack  propagation  resistance.  It  is  the  balance  of  these  two  opposing 
properties  that  provides  the  optimum  condition  of  a  material  for 
pressure  vessel  applications,  such  as  a  rocket  motor  case. 

A  plot  of  crack  propagation  resistance  and  uniaxial  strength  for  air 
melt  D6  steel  is  shown  in  Figure  1.  In  addition  to  the  uniaxial  yield 
strength,  the  corresponding  bicixial  yield  strength  as  determined  on 
24"  diameter  pressure  vessels,  is  also  plotted.  Based  on  pressure 
vessel  behavior,  there  is  a  minimum  crack  propagation  resistance 
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which  must  be  attained  in  order  to  have  consistent  reliable  behavior. 
When  the  crack  propagation  resistance  is  below  this  minimum,  the 
vessel  behavior  is  not  reliable  and  premature  failure  may  occur  far 
below  the  uniaxial  properties  of  the  m£i.terial,  as  indicated  on  the  graph. 
Above  this  minimum  crack  propagation  resistance  value,  the  uniaxial 
tensile  properties  govern  the  biaxial  behavior  of  pres,sure  vessels. 

Obviously,  it  is  desirable  to  process  a  material  so  as  to  impart  the 
highest  possible  strength  with  the  highest  possible  crack  propagation 
resistance.  In  order  to  evaluate  materials  or  processes  for  rocket 
motor  case  applications,  one  should  construct  such  crack  propagation 
resistance  -  uniaxial  strength  curves  and  choose  the  material  or 
process  whose  curve  lies  toward  the  upper  right  corner  of  the  chart. 

In  addition,  materials  should  never  be  processed  so  as  to  give  crack 
propagation  resistance  below  the  minimum  level  and  place  the  material 
in  the  area  of  questionable  reliability. 

There  are  a  number  of  tests  which  provide  crack  propagation  resistance 
parameters.  Three  such  tests  have  recently  been  fully  covered  by  a 
Special  ASTM  Committee (U  publication. 

NRL  Center  Notch  Tensile  Test 
NASA  Edge  Notch  Tensile  Test 
Allison  Instrumented  Bend  Test 

The  first  two  tests  require  the  use  of  rather  large  specimens  and  are 
difficult  to  prepare.  The  particular  crack  propagation  resistance  test 
used  in  all  of  the  rocket  motor  case  work  at  Allison  is  the  Instrumented 
Bend  Test  developed  by  the  Allison  Materials  Research  Laboratory. 

The  Instrumented  Bend  Test  provides  a  crack  propagation  resistance 
parameter  (om  '  <^l)  which  lends  itself  very  well  to  the  copstruqtion  of 
evaluation  curves  due  to  its  simplicity  to  test  and  ease  of  sample 
preparation. 

IL  Description  of  Instrumented  Bend  Test 

The  Allison  Instrumented  Bend  Test  is  a  crack  propagation  test,  wherein 
a  small,  unnotched,  rectangular  specimen  is  biaxially  stressed  to  failure 
by  bending  as  a  simple  beam,  using  a  three  point  loading  system.  This 
test  provides  a  crack  propagation  resistance  parameter  which  correlates 
with  other  types  of  crack  propagation  tests  and  with  pressure  vessel 
behavior. 

(1) "Fracture  Testing  of  High  Strength  Sheet  Materials;  A  Report  of  a 
Special  ASTM  Committee"  ASTM  Bulletin  January  I960. 


Specimen 


Most  of  the  Instrumented  Bend  Test  data  have  been  obtained  using  a 
specimen  0.052  x  0.  700  x  1.  5  inches.  These  dimensions  were  chosen 
for  two  reasons. 

a.  This  size  sample  can  easily  be  obtained  from  subscale  as  well  as 
full  scale  rocket  motor  cases  after  burst  testing. 

b.  The  width  to  thickness  ratio  of  approximately  14  provides  an 
adequate  2:1  biaxial  stress  area  approximately  1/2  inch  in  width. 

Specimens  of  other  thicknesses  and  widths  may  be  used,  but  a  mini¬ 
mum  width  to  thickness  ratio  of  10  is  recommended.  The  width  and 
thickness  should  remain  constant  when  comparing  results  of  different 
materials  or  processes. 

All  specimens  are  ground  to  the  finished  dimension  without  breaking 
sharp  edges.  The  surface  finish  is  not  critical  as  long  as  grinding 
burns  are  avoided,  with  the  normal  surface  finish  ranging  from  10  to 
20  RMS.  Surface  finishes  ranging  from  10  to  150  RMS  do  not  essen¬ 
tially  change  the  test  results.  No  mechanical  notches  or  cracks  of  any 
kind  are  necessary  in  the  preparation  of  these  test  specimens. 

Equipment  and  histrumentation 

The  test  basically  consists  of  bending  the  specimen  as  a  simple  uniform 
rectangular  beam  supported  at  two  points  by  l/4  inch  rounds  and  loaded 
through  a  1/8  inch  round  at  the  center  of  a  1  inch  span  as  shown  in 
Figure  2. 

All  components  of  the  bend  test  fixture  are  made  from  tool  steel  hard¬ 
ened  and  tempered  to  Rc  60.  The  rate  of  deflection  is  maintained 
constant  at  a  tensile  machine  cross -head  speed  of  0,5  inch  per  minute. 
This  value  is  not  critical  within  the  range  of  0,  1  to  2,00  inches  per 
minute.  The  load  on  the  specimen  is  sensed  during  the  test  by  a 
resistance  strain  gauge  load  cell  (1000  pound  capacity)  which  is  placed 
between  the  bend  test  fixture  and  the  lower  platen  of  the  tensile  ma¬ 
chine.  The  output  of  the  load  cell  is  fed  into  a  strain  gauge  amplifier 
and  recorder.  It  is  important  that  the  recorder  have  sufficient  pen 
speed  response  to  accurately  track  the  load  on  the  specimen  without 
lag.  An  oscillographic  type  recorder  with  a  frequency  response  of 
60  cycles  per  second  or  higher  is  recommended.  Potentiometer  type 
recorders  with  l/4  second  full  scale  deflection  have  also  been  suc¬ 
cessfully  used.  The  strain  gauge  load  cell  and  the  recorder  are 
calibrated  against  the  tensile  machine  so  that  each  division  of  the 
recorder  strip  chart  is  usually  equivalent  to  20  or  25  pounds  load. 


The  chart  paper  is  usually  driven  at  5  millimeters  per  second.  The  strip 
chart  of  the  recorder  thus  furnishes  a  continuous  record  of  the  specimen 
load  as  a  function  of  time  during  the  test. 

Interpretation  and  Calculation  of  Test  Results 

Typical  load-time  curves,  obtained  from  Instrumented  Bend  Tests  con¬ 
ducted  on  a  high  strength  steel  heat  treated  to  uniaxial  0.2%  yield  strength 
levels  of  235,  000  psi  (Ex.  A)  and  205,  000  psi  (EjfcB),  are  shown  in  Figure  3. 

All  curves  show  the  same  general  behavior,  in  that  the  load  increases 
to  maiximum  value  and  then  decreases  at  a  relatively  slow  rate  until  a 
lower  load  is  reached  at  which  time  there  is  a  sharp  and  rapid  change  in 
the  rate  of  unloading.  The  maximum  load  is  indicated  by  and  the  load 
at  which  the  rapid  change  in  rate  of  unloading  begins  is  denoted  by  Pj. 

Observation  of  the  tension  face  of  specimens  during  the  test  has  shown 
that  the  first  cracks  appear  in  the  center  biaxially  stressed  area  at  the 
Pm  load  and  progress  by  slow  crack  propagation  until  Pj  load  is  reached, 
when  rapid  crack  propagation  occurs.  Figure  4  shows  ink  stain  fractures 
demonstrating  slow  crack  progression  as  the  load  decreases  from  P^j^  to 

Pp 

The  first  step  in  the  calculation  of  the  Instrumented  Bend  Test  Para¬ 
meter  is  to  pick  Pj^  and  Pj  from  load-time  curves,  A  sharp  change  in 
the  slope  of  the  load-time  curve  is  required  to  accurately  pick  the  Pj 
load.  When  materials  approach  low  strength  levels,  the  P^  point  is  not 
distinct,  and  reliable  parameter  calculations  cannot  be  made.  These 
loads  are  corrected  for  small  dimensional  differences  in  the  thickness 
and  width  of  different  samples,  by  converting  to  mciximum  outer  fiber 
stress,  CTjn  and  aj,  by  means  of  the  beam  formula: 


a 


=  3PL 
2wt^ 


Where: 

a  =  maximum  outer  fiber  stress  in  psi 
P  =  load  in  pounds 

L  =  distance  between  supports  (1.00  inch) 
t  =  thickness  of  specimen  (0,  052  inch  nominal) 
w  =  width  of  specimen  (0.  700  inch  nominal) 


» 
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The  difference  between  cr^j^  and  aj  then  represents  the  reduction  in  the 
calculated  highly  localized  outer  fiber  stress  in  the  specimen,  due  to 
slow  crack  progression,  before  rapid  crack  progression  occurs.  The 
Instrumented  Bend  Test  Parameter  is  def:lned  as  (am  “  The  values 

calculated  from  the  two  curves,  shown  in  Figure  3,  were  0*00  x  10^  psi 
for  Ex*  A,  and  1*  01  x  lO^psi  for  Eit  B. 

in.  Correlation  of  (0^^,  --  ai)  With  Other  Crack  Propagation  Tests 

The  Instrumented  Bend  Test  Parameter  (0^  -  oi)  has  been  correlated 
with  the  results  of  center  notch  tensile  tests  conducted  on  H-ll  steel, 
heat  treated  to  various  strength  levels,  as  shown  in  Figure  5.  A 
direct  correlation  of  -  ai)  with  ,  G^,,  %  Shear  and  notch- 
strength  ratio  shown  in  Figur^  6.  Each  point  is  the  average 

of  4  to  6  tests.'  Since  the  Instrumented  Bend  Test  Parameter 

correlates  with  and  other  parameters  derived  from  the  more  com¬ 
plex  center  notch  tensile  test,  it  serves  as  a  simple,  rapid  and  valid 
screening  test  for  crack  propagation  resistance  of  high  strength 
materials. 

IV.  Correlation  of  {a^  -  g])  Values  in  Different  Laboratories 

It  is  highly  desirable  that  crack  propagation  parameter  values  obtained 
by  different  laboratories  on  the  same  lot  of  samples  show  good  corre¬ 
lation  when  tested  by  the  same  screening  test.  Such  a  correlation 
study  has  been  made  using  the  Instrumented  Bend  Test.  Identical  lots 
of  samples  from  two  high  strength  precipitation  hardening  stainless 
steels  in  various  heat  treat  conditions  were  tested  by  two  laboratories 
using  different  Instrumented  Bend  Test  equipment.  Laboratory  A  used 
an  oscillographic  recorder  in  conjunction  with  a  strain  gage  AC  ampli¬ 
fier  and  recorder,  while  Laboratory  B  used  a  l/4  second  full  scale 
potentiometer  recorder  with  a  DC  bridge.  The  degree  of  correlation 
between  the  parameter  values  obtained  by  the  two  laboratories  can  be 
seen  in  Figure  7.  These  data  show  good  correlation  with  each  point 
being  the  average  of  4  tests  for  each  laboratory. 

Some  of  the  same  data  are  presented  in  Figure  8  where  the  correlation 
between  Laboratory  A  and  B  is  shown  for  each  alloy  and  heat  condition, 
when  tested  in  both  the  longitudinal  and  transverse  direction  of  the 
sheet.  This  data  shows  the  high  sensitivity  of  the  Instrumented  Bend 
Test  to  anisotropy  in  high  strength  materials  as  well  as  the  ability  of 
different  laboratories  to  rate  materials  in  the  same  order  of  merit  by 
use  of  this  test. 


V.  Correlation  of  (g^  -  g^)  With  Pressure  Vessel  Behavior 


Crack  propagation  resista^nce  tests  conducted  in  a  laboratory  would  have 
very  little  meaning  if  the  test  values  did  not  correlate  with  pressure 
vessel  behavior. 

Instrumented  Bend  Test  results  have  been  correlated  with  the  pressure 
test  results  of  a  number  of  24"  diameter  vessels  fabridated  from  D6 
steel  forgings.  Uniaxial  tensile  and  Instrumented  Bend  Test  specimens 
were  removed  from  the  vessels  after  pressure  testing  approximately  90* 
from  the  longitudinal  failures.  A  plot  of  burst  strength  to  uniaxial 
tensile  strength  ratio  as  a  function  of  (Oj^^  -  oj)  is  shown  in  Figure  9.  It 
can  be  seen  from  the  data  points,  representing  twenty  (20)  pressure 
vessels,  that  reliable  behavior  was  obtained  when  the  “  °^l)  values 

were  0.  5  x  10  psi  or  higher.  Reliable  behavior  is  denoted  here  by 
attainment  of  burst  strengths  higher  than  the  uniaxial  tensile  strength 
ratio  >  1.  0)  due  to  the  2:1  biaxial  stress  field  advantage  of 
approximately  15  -  20  per  cent. 

5 

When  the  -  aj)  values  fall  below  0,  5  x  10  psi  premature  failures 
were  observed  at  approximately  0.  6  of  the  uniaxial  tensile  strength. 
Figure  1,  previously  seen,  shows  a  similar  behavior  for  the  biaxial 
yield  strength. 

As  a  result  of  the  correlation  of  -  Oj)  with  reliable  pressure 
vessel  behavior,  the  Instrumented  Bend  Test  in  conjunction  with  the 
uniaocial  tensile  test  is  being. used  today  for  quality  control  of  material 
and  heat  treatment  for  Minuteman  First  Stage  Rocket  Motor  Cases 
fabricated  by  Allison. 

VI*  Elevated  Temperature  Embrittlement 

Solid  propellant  rocket  motor  cases  are  subject  to  environments  during 
firing  that  result  in  a  metal  temperature  rise  from  ambient*or  below 
to  as  high  as  350  "F  or  400 ‘F.  This  temperature  rise  may  be  due  to 
firing  from  a  pit  and/or  aerodynamic  heating.  In  any  event  this  tem¬ 
perature  range  is  traversed  while  the  steel  case  is  stressed  to  full 
firing  pressure,  so  that  it  is  important  to  know  the  strength  and  crack 
propagation  resistance  of  a  case  material  in  its  final  condition  through¬ 
out  this  temperature  range. 

The  Instrumented  Bend  Test  lends  itself  very  well  to  elevated  and  sub¬ 
zero  temperature  testing.  The  effect  of  test  temperature  on  -  Uj) 

from  -100*  F  to  +600*  F  for  D6  steel  sheet  is  shown  in  Figure  10.  The 
material  was  tested  with  both  a  600 ‘F  and  1000*  F  temper.  The  600 ‘F 


temper  curve  shows  an  increase  in  fracture  toughness  from  -100*F  to 
+  100 ‘F,  but  an  elevated  temperature  embrittlement  at  300 ‘F  -  400 'F 
with  the  (Ojji  -  ai)  values  decreasing  to  zero  (0.0)  in  this  temperature 
range.  Above  400*  F  the  fracture  toughness  very  rapidly  increases 
with  temperature.  The  same  basic  behavior  is  observed  with  the 
1000 ’F  temper  but  the  degree  of  embrittlement  at  350 ‘F  is  not  so 
severe.  A  similar  ''350*F  embrittlement"  has  been  reported  by 
Southern  Research  Institute^^)  for  Tricent  and  AMS  6434  when  using 
the  center  shear  crack  specimen  test. 

A  further  study  of  this  elevated  temperature  embrittlement  of  high 
strength  steels  has  recently  been  made  by  the  Allison  Materials  Re¬ 
search  Laboratory  using  the  Instrumented  Bend  Test.  Three  high 
strength  steels,  were  heat  treated  by  hot  salt  quenching  from  the 
appropriate  austenitizing  temperature  (marquenching )  and  double 
tempering  for  two  hours  at  500*  F  -  1100*F.  The  steels  used  were 
D6C  forging,  H-11  bar,  (double  vacuum  melted)  and  UCX2  sheet.  All 
materials  were  tested  in  the  longitudinal  direction  at  80 'F  and  350 ‘F. 
The  results  of  these  tests  on  D6C,  H-11  and  UCX2  are  shown  in 
Figures  11,  12,  and  13,  respectively. 

All  three  steels  tempered  at  500*  F  show  extreme  embrittlement  at 
350 'F  even  though  the  80 ‘F  test  gave  acceptable  (om  -  cr^)  values  of 
0.  5  X  10®  psi.  It  appears  that  the  350 ‘F  embrittlement  in  all  three 
steels  can  be  eliminated  by  tempering  higher  than  800*F.  The  H-11 
material  should  be  tempered  higher  than  1000*  F  to  ediminate  brittle¬ 
ness  at  both  80 'F  and  350 ‘F. 

Additional  work  is  required  to  determine  the  degree  of  embrittlement 
at  test  temperatures  other  than  80  *  F  and  350*  F  as  a  function  of 
tempering  temperature  for  these  and  other  materials  for  application 
as  pressure  vessels  in  this  temperature  range.  The  exact  mechanism 
of  this  350  *F  embrittlement  is  not  known  but  is  believed  to  be  associ¬ 
ated  with  strain  aging.  Preliminary  tests  have  indicated: 

1.  Samples  heated  to  350*  F  and  then  tested  at  80*  F  do  not 
show  embrittlement. 

2.  Material  plastically  deformed  at  80  *F,  exposed  to  350*  F 
and  then  tested  at  80 *F  show  embrittlement. 

(2)  "An  Investigation  of  Methods  for  Determining  the  Crack  Propaga¬ 
tion  Resistance  of  High  Strength  Alloys";  Progress  Report  No.  1, 
Dec.  30,  1959;  Bu.  Nav.  Weapons.  Contract  NOas  60-6040c. 


A  few  px'eliminar  y  attempts  have  been  made  to  show  the  350  *F  embrittle¬ 
ment  on  the  UCX2  material  tempered  at  500  "F,  by  means  of  the  center 
fatigue  crack  test.  However,  the  80*  F  and  350*  F  tests  both  showed 
100%  shear  with  Kc3  values  of  133  and  121  Ksi  Y  in.  and  notch-strength 
ratios  of  0.53  and  0.50,  respectively.  While  these  center  fatigue  crack 
tests  consisted  of  only  2  samples  at  each  test  temperature,  it  appears 
that  this  type  of  embrittlement  may  not  be  readily  detected  by  this  type 
of  test. 
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CRACK  PROPAGATION  RESISTANCE  -  (a^  -  cri)  x  10'^,  PSI 


CORRELATION  OF  CRACK  PROPAGATION  RESISTANCE  WITH 
UNIAXIAL  AND  BIAXIAL  YIELD  STRENGTH  BEHAVIOR 
24"  DIAMETER  PRESSURE  VESSELS 
D6A  FORGINGS 
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FIGURE  I 
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SCHEMATIC  -  INSTRUMENTED  BEND  TEST 
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CRACK  PROPAGATION 
INSTRUMENTED  BEND  TEST 
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NET  FRACTURE  STRESS  -  1000  PSI 
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TEMPERING  TEMPERATURE  *  F 
FIGURE  5 
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CORRELATION  OF  INSTRUMENTED  BEND  TEST  PARAMETERS 
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FIGURE  7 


V-97 


♦ 


V-98 


INSTRUMENTED  BEND  TEST  PARAMETERS 
(am  -  ai)x  10-5,  pgj 


RATIO,  BURST  STRENGTH  TO  TENSILE  STRENGTH 


CORRELATION  OF  INSTRUMENTED  BEND  TEST  PARAMETER 
(Om  -  ai)  WITH  24"  DIAMETER  PRESSURE  VESSEL  BURST  STRENGTH 

D6  STEEL 
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TEMPERING  TEMPERATURE  -  *  F  (2  +  2  HOURS) 
FIGURE  12 
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G’he  current  interest  in  sheet  material  has  enipho.Giaefl,  the  need 
for  a  more  accurate  understanding  of  the  significfj.nce  of  ductility  of 
mater.i.als.  This  is  especially  true  of  elongatioji^  which  is  the  most 
common  means  of  assessing  the  ductility  of  sheet  meteria].s.  Unfor¬ 
tunately^  el.ongation  values  depend  on  such  geometr;!  c.a.l  fa.ct.ors  as 
specimen  thickness  and  width  in  addition  to  gage  H.ength  and  the  inher¬ 
ent  d.uetllJt.y  of  the  material  itself.  As  a  convenience,  a  constant 
gage  lengtli  and  jj-.uccimen  width  are  used  as' the  A.S.T.M.  standard  sheet 
tensile  specimen'",  hut  this  means  that  the  clongotlon  of  ,spcc;i.rncns  of 
different  tliickncsccs  arc  not  strictly  comparable.  Jf  an  interrela- 
•bionshij)  be-bi-ecm  ei.ong-ation,  gage  length,  specimem  wj.dth,  and  specimen 
thickness  coulxl  bo  dotemnined,  either  analytically  or  cjvpirically,  it 
would  be  rjorisiblc  to  correlate  ductility  for  raateriali;;  of  widely  diff¬ 
erent  size  and  shape. 

It  was  recognized  that  elongation  values  can  be  al'fectod  by  end  re¬ 
straint,  type  of  fracture,  etc.,  but  that  elongation  is  more  dependent 
on  specimen  size,  and  ]icnc(-  the  pivirnaiy  purpose  o:i:’  tiiis  ropo.rt  is  to 
obtain  a  greater  understanding  of  clongat.i.on  as  a  measure  o:!;'  the  duc¬ 
tility  of  jplatc  and  sheet  materials  as  affected  by  s,P'";c;uncn  size  and 
gage  Icng'bh.  These  other  variables  woto  studienl,  togethcj:’  wltii  the 
influence  of  specimen  gcomctiy  on.  yield  oncl  tensile  strength,  .jnd  will 
he  reported  at  a  later  date. 

LlTHN/'.l'U]'.!  n’-lVIli/ 


Tl'icro  has  been  considerable  interest  in  the  effects  of  specii.ien 
geometiy'  on  tensile  pi-oi.icrties  and  oopecial3.y  elongation  in  the  pant 
The  older  Uuropoan  literature  has  been  I’eviewod  in  ''k'.nd.buch  dei'  ’ 
Werkstoff'pjuJ'ung^,  wheiyas  mucii  of  tlie  American  l.iteratui-o  is  reviewed 
in  a  recent  j.illC  report-'. 


Qvian'tltative  I'clations  between  elongation  and  gap:.;  .length  and  or 
cross-section  geomct.ry  gcneraJ.ly  ta3:e  tvra  foir.is:  ■ 

a.  vai-ia'b.i.orj  o,t'  c3.ongation  wltli  gage  length  }'ot  sj-.eciTnons  of 
a  given  cross-section,  and 

b.  variation  of  ei.ongttion  wi.th  .spec;'u'.ien  area  in  specimens 
with  differing  cre-ss-section  size  cn< 
gage  lengtli. 


yor  geoi..'et;'.y  hut  vrith  tlie  same 


Nciuatt'ms  : 
ta.nt  bcause  o  " 


ola.ting  elongation  and  r; 
I  he  gi’uat  nur  iber  o.i’  gage 


-,gc  length  hav'.-  boon  .Lmpo.r- 
i.engths  j-n  '•■o)  j  ion  use  and  'the 
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desirability  of  comparing  elongation  vs^lues.  Ibroughout  the  world,  the 
gage  lengths  used  for  determining  e3.ongation  vary  from  3*5^  to  10  times 
the  specimen  diameter  for  round  specimens^  (4  to  11.3  times  the  square 
root  of  the  area  for  flat  specimens).  Even  in  the  same  country,  two  or 
more  gage  lengths  may  be  used.  Some  of  the  equations  relating  elongation 
and  gage  length  are: 


Martens^/^^ 

E  -  .E^ 

Eo 
"  L 

(1) 

Bach^  ^  ^ 

B  -  C 

B 

VT 

— s — rE/\.(i  ■ 

+  Eu 

(2) 

Gollik^^) 

E  -  Eu 

...  ax  _ 

1-  Ei/l00)-E^  (3) 

Krisch  and  Kuntze^ 

E  -  E^ 

V 

=  (Eo  - 

2n 

w 

Bauschinger(7) 

E  -  E^ 

It 

> 

(5) 

Bertella^^^ 

E  -  C 

tUI 

(6) 

where 

E  =  per  cent  elongation 

Ey  -  per  cent  elongation  measured  on  an  Infinitely  long 
gage  length 

Eq  =  per  cent  elongation  measured  on  a  zero  gage  length 
M  =  per  cent  reduction  in  area 

L  -  gage  length 
Dq  =  original  diameter 

A  -  original  area 

D,C,Q, 

a,m,n,  -  constants 

In  all !the  equations  it  is  recognized  that  the  elongation  de¬ 
creases  to  some  limiting  value  as  tlie  gage  length  approaches  infinity. 
This  is  generally  teimed  the  Infinite  gage  length  elongation.  In  some 
cases  the  limiting  elongation  for  zero  gage  length  is  used,  'fhls  can 
be  calculated  fram  the  reduction  in  area  if  constancy  of  yol'fflie  is 
assumed.  Between  these  limiting  values  the  elongation  decreases  with 
increasing  gage  length,  in  a  coiiqjlex  e;q)onentlal  ^manner  according  to 
Krisch  and  Kuntze,  or  with  an  exponential  function  of  the  reciprocal 
of  the  gage  length. .  Ihis  exponent  is  1  according  to  Martens,  Gollik, 
and  Bauschinger,  2  according  to  Bach,  and  arbitrary  according  to 
Bortella. 

The  dependence  of  elongation  on  specimen  cross-section  area  has 
always  been  recognized.  Tills  can  be  seen  by  the  designation  of  gage 
length  as  some  multiple  of  specimen  diameter.  Even  for  rectangular 
specimens,  gage  lengths  have  been  specified  as  a  multiple  of  the  square 
root  of  the  area.  Since  the  elongation  depends  on  the  area  and  not  the 
dimensions,  the  cross-section  shape  apparently  is  not  inportant.  Teraplin 
ported  similar  elongation  values  for  various  shaped  specimens,  in- 


dueling  tubu3.ar9,  of 
longatlon  in  a  fixed 

the  same  area.  Some  of  the  eqviations 
gage  length  and  specimen  cross-section 

relating  i 
area  are 

BaufJchinger^ 

E  -  Eu  +  ClJpT 

Z 

(5) 

Bertella^®^ 

E  =  C  +  L  aV2 
pm 

(6) 

Tonrplin^^^ 

E  =  C  A" 

(7) 

where  the  tenns  have  the  sajiie  meaning  aa  hefore,  All  three  equations 
show  that  the  elongation  inci-eases  with  some  eoqjonentioJ.  function  of  the 
area.  Templin’s  equation  does  not  consider  variations  in  both  ga^e 
length  and  area^  so  the  term  does  not  appear. 

Malmberg  studied  the  effect  of  various  factors  on  tensile  elonga¬ 
tion.^*^  By  measuring  the  strain  distribution  along  the  length  of  a  bar 
during  ctra,ining,  he  showed  that  the  strain  is  fairly  uniform  vintil 
just  before  maxirimim  load,  except  near  the  shoulders.  VHien  necking 
occurred,  the  po,rts  of  the  bar  outside  the  neck  still  continued  to'  de¬ 
form,  until  just  before  the  fracture  load  was  reached.  On  round  ten¬ 
sile  bars  varying  in  size  from  5  to  25  mm.  diajnetcr,  the  stune,  variation 
of  elongation  with  gage  length  was  found  for  all  bo.rs  between  gage 
lengths  of  2  d  to  20  d.  This  supports  the  inQ:)ortance  of  the  quantity 
in  determining  elongation.  Tensile  bars  with  rectangular  cross 
sections  and  width- to-thiclaiess  ratios ' varying  from  1  to  20  end  areas 
from  25  to  1500  squo,ro  ram.  were  studied.  In  contrast  to  the  results  on 
the  roxind  bars,  here  it  was  found  that  the  elongation  in  a  certain  gage 
length  expressed  as  a  multiple  of  the  square  I’oot  of  the  area  did  de¬ 
pend  on  area,  and  tended  to  decrease  with  increasing  area.  Finally, 
the  effect  of  length  of  reduced  section  was  studied  on  round  bars.  It 
was  found  that  the  shoxlLderc  have  an  effect  over  a  length  1.5  to  3  times 
the  diameter.  Beyond  this  distance  from  the  shoulder,  the  stredn  dis¬ 
tribution  was  independent  of  specimen  length. 

Miklowitz  studied  the  strain  distribution  in  various  size  flat 
tensile  bars.-^  He  conc3.udcd  that  because  of  shoulder  restraints, 
straining  is  non-uniform  from  the  very  onset  o:''  yielding.  In  line  with 
this,  he  ma.intaincc''  a  constant  ratio  of  redxxccd  .section  length  to 
specimen  width.  He  also  studied  in  detail  the  local  strains  occxirring 
during  necking.  Aronofsky  also  studied  necking  in  flat  tensile  bors^”* 
lie  studied  tlic  effect  of  vfidth  to  thlcliness  I'atlo  on  the  formation  of 
the  oblique  neck  that  forms  xmder  certain  conditions. 

Low  and  Pratci’  studied  the  effect  of  various  geometries  on  tensile 
o3.ongation'*'-L  Tliey  siiwetl  that  the  ratio  of  reduced'  section  length  to 
specimen  width  doteniij.ncd  'bhe  length  restrained  by  the  shoulders,  and 
hence  the  I.ength  under  simple  tension.  Tlic  influence  of  .lateral  re¬ 
straint  in  rcdvicing  the  elongation  of  bars  of  width  to  thlclaiess  ratios 
greatci-  than  6  was  rjointed  oxvb. 
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l.'ince  coiiLribut Ions  to  elongation  can  Idonlly  bo  considered  to 


come  from  two  sources,  the  miform  elongation  and  the  extension  assoc¬ 
iated  with  the  neck,  the  effect  of  specimen  geometry  on  these  quanti¬ 
ties  was  to  be  determined.  This  wan  accomplished  by  photogridding  the 
specimens  with  a  grid  spo-cing  of  twenty  to  the  inch  along  the  reduced 
'  ‘section  end  analyzing  the  distribution  of  strain  throughout  this  region, 
with  particular  emphasis  placed  on  the  necked  region.  With  this  in 
mind  the  materials  used  were  se3.ected  because  of  their  differences  in 
uniform  sti^ain  values.  The  materials  used,  each  of  which  were  indivi¬ 
dual  heats,  were  hard  drawn  and  annealed  copper,  AISI  1020  steel,  and  . 

II  11  tool  steel.  The  copper  and  steel  were  obtained  as  2/2"  thick  by 
2  2/2"  wide  bar  in  random  lengths  and  the  H  11  was  supplied  ,  in  3/8" 
sheet.  After  insuring  the  homogeneity  of  the  material  by  macroetching 
and  hardness  surveys,  tensile  specimens  of  various  thicknesses  and 
widths  were  prepared  from  the  l/2"  bar  by  slicing  to  the  approximate 
bhickness  and  then  careful  grinding  to  size.  Specimen  thiclaiesi^s  from 
0.010  to  0.500  inches  were  prepared,  with  widths  ranging  from  2^  to 
2  Inches,  see  Figure  1.  This  resulted  in  specimen  width  to  thicltness 
ratios  of  from  1:1  to  200:1  and  areas  ranging  from  O.OOI3  to  1.00 
square  inch. 

Tensile  properties  of  the  various  materials  used  are  summarized 
in  Table  I. 


TABLE  I 
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Material. 

Yield 
Strength 
..  psi 

Tensile 

Strength 

p  5i 

Reduc¬ 
tion'  of 
Arca,'/5 

Elonga¬ 

tion, 

Total,';*^ 

Elongation, 

Unifoi-m 

io 

Speciraen- 
. Tire  . 

Copper, 

hard 

drawn 

34,800 

37,000 

69.2 

30.0 

7.0 

.357"  D 

Copper, 

Annealed 

8,900 

31,000 

70.4 

37.9 

26.5 

.357"  D 

1020  Steel  32,300 

55,900 

63.0 

37-1 

25.0 

.357:  D 

H  11 

231,000 

250,900 

8.8 

5.0 

1/2"  X  1^  " 

Tool  Steel 


The  copper  was  received  in  the  hard  draim  condition,  and  testing  was 
carried  out  after  machining  and  on  anneal  of  2  hours  at  to0°F.  Tlie 
annealed  copper  was  obtained  by  annealing  the  as-recelvcd  materitil  for 
one  hour  at  1200°F.  iCt  too  was  given  an  onneo.3.  of  2  hours  at  400°F 
aftei*  machining.  The  AIGI  1020  hot  rolled  steel  was  normalized  at 
1700°F  prior  to  mo.chining  and  annealing  at  750°F  for  2  hours.  Ihe  H  11 
tool  steel  was  machined  to  size,  austenitizod  in  a.  sa3.t  pot  at  l800'’F 
for  20  minutes  (after  prclieofing  at  li^50'’F),  quenched  in  still  .ir, 
and  tempered  twice,  1  hour  each  time,  at  1050“?. 
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Since  the  Gpeciineno  vere  of  varloura  cizes,  0,  good  rouge  in  load 
capacities  vras  neceooarif  and  three  different  tensile  testing  machines 
were  utilized.  The  head  speed  of  the  mchlnes  was  regulated  so  that 
all  specimiens  vrere  strained  at  on  initial  rate  of  0.01  inches  per  inch 
of  gage  length  up  bo  the  yield  and  then  ot  0.02  inches  per  inch  of  gage 
length  to  fracture. 

All  the  specimens  had  been  j)hotogridded  prior  to  testing  vith  the 
grids  spaced  at  tventy  to  the  inch.  Grids  vrere  put  on  the  \ridth,sur- 
fo.ee  for  specimen  thicloiesses  of  3/8"  or  less  ond  on  both  the  width  ond 
thiclmess  surfo,ces  for  specimen  thicloiesses  ol.  j/^l-"  and:  1/2" ,  see 
Figure  2.  As  shevm  on  this  figure,  tvro  local  strains,  nomely  the  width 
ond  longitudinal  strains,  could  easily  he  measured  on  all  specimens  and 
the  thlcloieEG  strain  could  be  measured  on  the  larger  specimens.  On  the 
thinner  specimens  the  average  thiclaiess  strains  could  be  measured  di¬ 
rectly,  with  a  micrometer.  Furthermore,  any  one  strain  can  be  calcu¬ 
lated  from  the  other  tiro,  since  because  of  constancy  of  volume,  the  sura 
of  the  principal  strains  is  zero. 

RESULTS  AND  DISCUSSION  OF  RESULTS 


Since  the  distance  between  grids  on  a  longitudinal  line  running 
along  the  center  of  the  bar  vras  measured,  the  elongation  for  any  gage 
length  could  be  determined.  Plots  of  elongation  versus  various  combi¬ 
nations  of  gage  length  and  area  vrere  constructed  and  observations  are 
made.  The  idealized  pictvu^  of  tensile  deformo,tion  is  that  a  test 
piece . contracts  vmiformly  in  the  transverse  directions  as  it  elongates. 
This  uniform  deformation  continues  until  a  mo.3cinium  in  the  load  is 
reached.  A.t  this  point,  further  deformation  becomes  limited  solely  to 
a  restricted  portion  of  the  test  piece  termed  the  neck.  The  slze.'if 
this  necked  region  depends  on  the  specimen  dimensions.  The  results 
will  be  discussed  in  terras  of  this  siEpllfied  picture. 

A.  Effect  of  Gage  Length  on  Elongation 

Typical  results  shovring  the  dependence  of  elongation  on  gage  length' 
for  the  four  materials  are  shown  in  Figures  3a  to  d. 

In  each  case  the  elongation  decreases  as  the  gage  length  in- 
creajses,  due  to  the  decrease  in  the  fraction  of  the  gage  length  repre¬ 
senting  the  necked  region.  There  are  three  features  of  each  curve 
which  are  worthy  of  further  discussion.  Those  ore  the  zero  gage  length 
elongation,  the  infinite  gage  length  elongation,  and  the  variation  of 
elongation  with  gage  length  between  these  tvfo  vaJ-ues. 

The  zero  gage  length  elongation  does  not  seem  to  be  a  constant 
value  for  a  given  material,  but  seems  to  decrease  vd.th  specimen  area. 

The  smallest  gage  length  measured  is  0.1  inches  hewever,  and  closer 
agreement  might  have  been  obtained  if  the  zero  gage  length  elongation 
had  been  calculated  from  measured  transverse  and  thickness  strains •  ■ 

It  vras  not  possible  to  obtain  accurate  values  of  thickness  strain  at 
the  fracture  hovrever,  since  the  fracture  surface  often  cut  through  the 
region  of  minimum  thiclaiess  at  cai  oblique  engle.  Furthermore,  all 
elongation  values,  measured  along  the  center  line  of  the  specimen, 
include  a  gap  tliat  forms  betvrcen  the  two  halves  of  the  specimen  as  the 
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fracture  propaga^tes  from  the  center  outward.  Thia  gap  is  normally  in¬ 
cluded  in  otondard  elongation  values  obtained  by  placing  the  broken 
halves  of  the  specimen  together  and  is  generally  greater  the  greater 
the  specimen  thiclcness.  Finally,  there  is  no  indication  that  bars  of 
different  geometries  fracture  at  a  constant  value  of  longitudinal 
strain.  Results  by  mklOTvitz^^  sviggest  that  the  conditions  for  frac- 
tiare  are  more  nearly  a  constant  thiclcness  strain. 

The  infinite  go.ge  length  elongation  is  the  elongation  that  a  bar 
infinitely  long  vould  exhibit,  and  whe're  the  contribution  of  the  neck 
wotild  be  effectively  zero.  This  could  also  be  considered  to  be  t.he 
maximum  uniform  ejctension.  This  vodue  should  be  independent  of  speci¬ 
men  size.  The  actual  results  for  the  longest  gage  lengths  measixred  do 
not.shov  this.  If  infinitely  long  specimens  had  been  used,  no  doubt 
this  would  have  been  observed,  but  the  restraining  effects  of  the 
shoidders  tend  to  reduce  the  elongation  in  this  region.  Of  some  inter¬ 
est  are  the  very  lov;  elongations  displayed  by  the  0.010”  specimens, 
which  are  even  less  than  the  strains  at  iruucimum  load  as ,  determined 
f’^om  true  stress-strain  tests  on  round  bars.  The  reason  for  this  must 
lie  in  non-ianiformity  of  the  original  test  piece.  Even  . a  variation  in 
thiclcness  of  OX)005”,  which  represents  5/^  variation  in  area  for  a 
O.OIO”  specimen,  woixLd  tend  to  strongly  localize  deformation  from  the 
start  of  straining,  with  accompanying  low  elongation. 

The  variation  of  elongation  between  zero  and  infinite  go^e  length 
has  been  expressed  by  several  of  the  equations  presented  earlier.  It 
should  be  pointed  out  that  in  no  case  is  there  a  sound  fundamental 
reason  for  dei-ivlng  emy  of  the  equationa,  beyond  recognizing  the  sig¬ 
nificance  of  zero  and  infinite  gage  length  elongation. 

To  check  some  of  these  equations,  elongation  has  been  plotted 
versus  l/L  and  /IT in  Figures  k  and  5  for  each  material  at  one  size. 
The  resizlts  show  that  either  relationship  is  valid  over  short  ranges 
of  L,  but  that  neither  holds  over  a  large  range  of  gage  lengths.  In 
some  cases,  one  or  the  other  relationship  does  give  a  reasonably 
straight  line,  but  for  another  material  or  size  similar  results  are 
not  fovind.  It  has  been  noted  that  extrapolations  of  the  curves  to  in¬ 
finite  gage  lengths  do  not  yield  a  constant  value,  and  In  some  cases 
yield  negative  values,  which  points  out  the  inadequacy  of  the  relation¬ 
ships.  Plots  of  the  same  data  on  log- log  coordinates,  Figure  6,  do  not 
show  a  straight  line  either,  showing  that  Bertella’s  equation  (Eq.  6), 
Is  not  correct. 


After  considering  the  fact  that  thei4  is  no  knovm  theoretical 
basis  for  e:q)ecting  a  simple  relationship,  coupled  with  experlnental 
conditions  such  as  end  effects,  possible  non-homogeneity  of  material 
and  specimens,  and  the  occurrance  of  double  necks.  It  is  not  sur¬ 
prising  that  no  one  equation  adequately  predicts  the  actvial  variation 
of  elongation  with  gage  length. 

B •  Effect  of  Specimen  Area  on  Elongation  in  a.  Fixed  Gage  Len/?th 

The  results  plotted  in  Figure  7  show  that  over  a  range  of  sizes, 
there  is  a  linear  relationship  betrreen  log  of  elongation  in  2"  and  log 
of  area.  There  is  considerobl'.  scatter,  hoi/ever,  and  at  low  areas 
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there  is  a  cleyiration  from  the  linear  behavior.  Tliese  pointr-  repreaent 
the  thinneot  specimens,  whore  dimensional  variations  would dmve  the 
greatest  effect.  As  discussed  earlier,  many  of  the  elongation  values 
are  lower  than  the  strain  at  maximum  load,  which  supports  the  view¬ 
point  of  the  non-homogeneity  of  strain  becoAxso  of  dimensional  varia¬ 
tions. 


'flirce  equations,  Eqo.5,  6,  and  7^  mentioned  earlier,  relate 
elongation  to  some  poorer  of  the  area.  It  -must  be  realized  that  for  a 
specimen  with  an  area  approaching  zero, .the  elongation  approaches  the 
uniform  elongation,  and  for  very  large  specimens,  the  elongation  in 
2  inches  approaches  the  zero  gage  length  elongation.  None  of  the 
equations  approach  these  limits  at  zero  or  infinite  gage  length,  which 
eir^xhaoizoe  their  empirical  nature.  Bauschinger’s  and  Bertella's 
equations  do  approach  a  finite  value  at  zero  area  however.  In  figureo 
8a  to  d  are  jjlottcd  log  (El  -  Elu)  versus  log  orea.  The  uniform  e« 
longations  were  determined  from  true  stress-strain  tests.  It  can 
readily  be  seen  that  a  straight  lino  con  be  drawn  here  also,  althougli 
from  a  practical  vievqxolnt  Templin' s  equation  is  to  be  preferred  since 
the  amount  of  scatter  for  the  lovrer  elongations  is  seemingly  reduced. 

GENERAL  DISCUSSION 


.  There  are  two  questions  concerning  the  observed  relationship 
betxreen  elongation  and  area  which  o,re  of  interest.  The  first  is  con¬ 
cerned  with  the  significance  of  area,  rather  than  width-to-thiclcness 
ratio  or  reduced  section  length-to-widbh  ratio  in  determJ.ning  elonga¬ 
tion,  and  the  second  with  the  slope  of  the  straight  line  portions  of 
the  curves  in  Figure  7*  ' 

A.  Slgnlflcajice  of  Specimen  Area 

Figure  9  shows  a  plot  of  the  distribution  of  local  elongation, 
measured  over  gage  lengths  of  one  grid  spacing.  It  con  readily  be 
shown  that  the  elongation  over  a  two  inch  gage  length  can  be  repre¬ 
sented  on  such  a  plot  by  a  horizontal  line  draxm  such  that  the  area 
vmder  it  is  the  same  as  the  area  under  the  curve.  Figure  9  shows  a 
plot  of  strain  distribution  for  three  bars  of  the  some  cross-section 
geometry^  but  different  areas.  The  shapes  of  the  curves  are  generally 
the  same,  except  that  as  the  specimen  area  gets  larger,  the  curve  gets 
broader  which  is  on  indication  of  the  larger  extent  of  the  necked 
region.  There  is  on  effect  of  size  on  the  maximum  strain.  Here  again, 
the  arguments  advanced  in  the  earlier  discussion  ax'e  valid,  in  which 
it  was  pointed  out  that  the  true  zero  gage  length  elongation  was  not 
deternuned.  Further  the  local  strain  at  the  exctremlties  of  the  gage 
length  section  is  greater  for  the  larger  area  bar,  because  of  the 
closer  proximity  to  the  neck.  Aill  in  all  hoxrever,  the  greater  elonga¬ 
tion  in  2  inches  (area  under  the  curve)  for  the  larger  area  bars  con 
be  attributed  to  the  larger  extent  of  necked  region. 

Figure  10  shows  similar  plots  of  local  strain  for  three  bars 
having  the  some  area.  VJithin  experimental  accuracy,  these  bars  have 
the  same  elongation,  and  hence  the  some  area  xonder  the  curve.  Notice 
now  that  the  shapes  of  the  curves  are  quite  different.  At  a  width-to- 
thiclcness  ratio  (w/t)  of  1,  the  local  strain  decreases  linlformly  with 
distance  from  the  fracture.  A.s  v^t  increases,  there  is  a  tendency  for 
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a  more  rapid  decrcacse  of  strain  with  distance  in  a  very  nari^f  ranee  in 
the  vicinity  of  the  frs-cttire,  with  a  change  to  a  more  gradual  decrease 
at  larger  distances  from  the  fractui*e.  Tlie  heiglat  of  the  ciurve  for 
higli  \x/t  ratios  is  such  that  at  intermediate  distonces  from  the  frac¬ 
ture  it  lies  belo^7,  ond  at  large  distances  from  the  fracture  it  lies 
above  the  curve  for  a  square  specimen,  with  the  net  result  being  the 
same  area  under  the  cui-ve. 

Because  of  the  constancy  of  volume,  it  is  possible  to  breals  the 
].ongitudinal  strains'  into  a  component  of  transverse  or  width  strain 
and  thiclaicsn  strain.  Further  insight  into  the  shape  of  the  curves 
can  possibly  be  foijnd  by  considering  the  effect  of  width-to-thickness 
ratio  separately  on  width  and  thiclcness  strains .  Some  results  are 
plotted  in  Figure  11,  where  true  stra.ins  have  been  used,  since  here 
the  sxan  of  the  width  and  thiclcness  strain  should  equal  the  longitudi¬ 
nal  strain.  Tlie  width  strains  were  detennlned  over  a  one  grid  length 
(0.05"),  whereas  the  thiclcness  strains  were  determined  over  the  whole 
thiclcness . 

The  results  clearly  shoi-r  the  differing  behavior  for  the  various 
w/t’s.  For  a  w/t  of  1,  the  width  and  thiclcness  strains  are  almost 
equal.  (The  hard  drav/n  copper  is  actually  slightly  anisotropic,  by 
virtue  of  having  a  preferred  orientation  arising  from  cold  working.) 

As  w/t  increases,  there  is  a  restraint  in  the  width  direction  ond  the 
ratio  of  the  thiclcness  strain  to  the  width  strain  Increases  at  the 
fracture,  so  that  most  of  the  elongation  at  this  point  arises  from 
the  contribution  of  the  thiclcness  strain. 

Signiflconce  of  F^^onent  *'n'*  in  Templln^s  Equation 

Of  some  importance  in  the  slope  of  the  cujrves  in  Figure  7>  .which 
is  characterized  by  the  e;q)onent  "n”  in  Teiiqplin’o  equation,  Eq.  7* 

Uie  importance  of  this  lies  in  the  fact  that  it  is  a  measure  of  'the 
sensitivity  of  elongation  values  to  thiclcness  changes.  It  would  tell, 
for  e:canple,  whether  tvro  mrterials  which  have  the  same  elongation 
value  at  a  thiclcness  of  l/9>  would  also  have  the  some  elongation  at 
some  other  thiclcness.  One  is  tempted  to  look  upon  the  e;q)onent  "n" 
as  a  material  property,  which  con  be  determined  and  tabulated.  A 
little  reflection  on  the  problem  will  shonir  the  fallacy  of  such  on 
approach. 

Consider  the  case  of  the  sajne  ino.terials  used  in  this  investiga¬ 
tion,  but  fracturing  at  a  Icn/er  strain.  The  evuves  of  percent  elonga¬ 
tion  versus  gage  length.  Figure  3^  would  then  hove  a  different  shape. 
Tlais  has  in  effect  been  done  by  pulling  various  size  bore  to  as  con¬ 
stant  a  strain  as  possible  at  the  center  of  the  neck,  but  belovr  the 
fracture  strain,  and  measuring  the  strain  distribution.  These  results 
are  plotted  in  Figures  12a  to  c  together  with  strain  distributions 
from  the  fractured  bars.  It  is  readily  apparent  that  at  small  gage 
lengths  the  elongations  are  much  loirer  for  the  bars  not  fractured, 
but  that  as  the  goge  lengths  increase,  the  elongations  for  the  two 
cases  aiDproach  each  other,  and  for  an  infinite  gage  length  they  would 
presumably  be  the  same.  Note  further  that  for  some  intermediate 
gage  length,  say  2  Inches,  the  spreai  in  elongation  values  be-fcween  the 
smallest  and  largest  areas  is  less  for  the  bars  pulled  to  a  strain 
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Ifess  thou  the  fracture  strain’ than  for  the  bars  ptilled  to  fracture. 

If  these  values  of  elongation  are  plotted  versus  area  as  formerly, ' 
the  resixlts  siich  ns  in  Figure  13  are  obtained.  Allowing  for  esiperi- 
mental  scatter  and  for  the  fact  that  all  bars  were  not  pulled  to  ex¬ 
actly  the  same  strain,  it  can  be  seen  that  a  straight  line  is  obtained, 
but  with  a  lower  slope  than  for  the  bars  pulled  to  fracture.  In  fact, 
in  an  extreme  case,  if  the  bars  were  all  pulled  to  or  fractured  at  or 
before  the  limit  of  uniform  strain  the  elongation  would  be  the  same 
for  all  bars  over  all  ga^c  lengths,  and  the  s].ope  would  be  zero  on  a 
log- log  plot  of  elongation  versus  gage  length. 

From  tllfese  considera-tions,  it  can  be  seen  that  the  exponent  "n" 
in  Tenplin's  equation  is  not  a  general  material,  property  which  can  be 
tabulated,  but  rather  depends  on  the  ductility  of  the  specifi.c  lot  of 
material  being  tested.  For  two  different  materials  witi  the  some’  ■ 
viniform  strain,  the  one  having  the  higher  fracture  strain  would  have 
the  greater  \aiue  of  the  e^eponent  "n".  Similarly,  for  a  constant 
fracture  strain,  the  lower  the  imiform  strain  the  higher  the  value  of 
this  ejqponent.  The  quantity,  determi-nable  from  a  single  tensile  test, 
which  best  correlates  with  Tenplin's  e:<ponent  "n"  is  probably  the 
ratio  of  the  fracture  to  the  uniform  strain.  Unfortxinately,  the  high 
strength  sheet  materials  of  current  interest  do  have  a  low  value  of 
viniform  strain  with  moderate  fracture  strains,  so  that  their  elongation 
values  are  quite  sensitive  to  variations  in  thicloiess. 


C. 


Prediction  of  Per  Cent  Elongation 
In  many  cases,  it  would  be  desirable  to  be  ab3.e  to  predict  the 


elongation  for  any  arbitrary  size  specimen.  Lacking  complete  data  for 


many  specimens  which  would  allow  an  interpo].ation  to  be'  made,  there  is 
a  method  which  suggests  itself.  Th:^  is  based  on  the  concept  that  a 
constant  elongation  is  obtained  if  is  maintained  constant,  as 
suggested  by  Bauschinger’s  equation,  ^q.  5*  Malmberg  found  this  to  be 


valid  for  round  bars,  but  not  for  rectangular  bars.  The  results  of: 


this  investigation  support  Malmbcrn:  and  show  that  this  is  not  generally 
true.  Nevertheless,  under  some  conditions  it  is  a  good  approximation. 


If  it  is  valid,  then  at  a  constant  value  of  elongation: 


where  L  and  A  are  the  gage  lengths  and  area  of  two  different  bars  1  and 
2.  To  determine  the  elongation  in  a  length  L2  on  a  bar  with  an  area 
Ag  from  measurements  on  a.  bar  with  area  simply  measure  the  elongation 
on  bar  1  over  a  gage  length  bvp.  From  this  relation,  .the 

elongation  in  a  fixed  gage  length  for  any  area  bar  can  be  calcvilated 
from  measurements  over  different  gage  lengths  on  one  bar. 


Some  resv0.ts  using  this  method  have  been  calculated  for  several 
size  bars  of  the  various  materials,  and  are  plotted  in  Figure  l4  with 
the  experimentally  determined  results  from  Figure  7*  In  some  cases, 
the  points  do  not  lie  on  the  experimentally  determined  cvirve,  since 
the  standard  2  inch  elongation  for  the  bar  used  lie  off  the  cvirve.  In 
general  the  resvilts  are  good,  and  the  slopes  of  the  experimental  and 
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caloulatecl,  curves  are  the  sojiie.  Deviations  are  noted,  vhen  the  elonga¬ 
tion  raust  bo  measured  over  such  a  long  gage  length  that  either  a 
second  necked  region  or  end  restraints  are  encountered. 

■In  a  practical  sense,  this  principle  could  be  applied  to  standard 
1^"  vride  speciraens.  Suppose  for  example  one  had  available  and  loiev 
the  properbies  of  1^"  sheet,  what  elongation  could  then  be  e:iq?ected  from 
0.080"  thick  sheet,'  From  the  above  re3-atlon,  one  can  determine  that 
the  elongation  measured  on  L  =  =  2.5  of  the  1/Q"  sheet  is 

the  same  as  the  elongation  in  2  <^350  inches  on  O.O80!'  sheet.  Accurate 

values  should  be  obtained  if  the  areas  do  not  differ  appreciably. 

SlBFiABY 


A  study  has  been  made  of  the  effect  of  specimen  gage  length, 
width  and  thiclaiess  on  the  elongation  as  determined  in  a  tensile  test. 
Ilard-draivn  copper,  annealed  copper,  1020  steel,  and  H  11  steel  were 
studied . 

Although  a  numljer  of  relationships  have  been  proposed  to  ejqjlain 
the  variation  of  elongation  with  ga.ge  length,  the  resiilts  sbovr  that 
no  one  relationship  adequately  describes  the  com-se  of  the  curves* 

Tlae  elongation  in  2  inches  is  found  to  vary  approximately  linearly 
with  the  specimen  area  on  a  log- log  plot,  showing  agreement  with 
Terrplln's  equation.  The  reason  for  the  dependence  of  elongation  on 
specimen  area  ra.ther  than  width-to-thicloness  ratio,  con  be  seen  from  a 
study  of  the  local  width,  thiclchess  and  longitudinal,  strains . 

Tlie  sensitivity  of  elongation  to  specimen  area  or  thicl-aiess,  as 
measured  by  the  e:q)onent  "n"  in  Templin's  equation,  .El  =:  CA*',  is  de¬ 
pendent  on  the  fracture  strain  as  well  as  the  vinifoim  strain,  and 
hence  varies  from  heat  to  heat  of  material.  This  e:q?onent  is  most 
closely  related  to  the  ratio  of  fracture  strain  to  \miform  strain. 

If  I/JTT  is  ma.intained  constant,  thei  .elongation  will  be  approxi¬ 
mately  constant.  Using  this  relation,  it  is  possible  to  estimate  the 
elongation  for  any  size  bar  from  measurements  made  on  one  bar. 
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FIGURE  2:  STRAIN  DIRECTIONS  IN  TENSILE  SPECIMEN 
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FIGURES  I  &  2 


(*/.l  CLOMATION 


FIGURE  3A 


FIGURE  3B 

VARIATION  OF  ELONGATION  WITH  GAGE  LENGTH 
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FIGURES  3A  &  3B 


ELONGATIOM  (V.)  ELONGATION 


GAGE  LENGTH  (INCHES) 


FIGURE  3C 


GAGE  LENGTH  (INCHES) 


FIGURE  3D 

VARIATION  OF  ELONGATION  WITH  GAGE  LENGTH 

v.ua  FIGURES  3C  &  3D 


FIGURE  4:  VARIATION  OF  ELONGATION  WITH  I/GAGE  LENGTH 


FIGURE  5:  VARIATION  OF  ELONGATION  WITH  1/  \|OAOE  LENGTH 
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FIGURES  4  &  6 


O.t  1.0  10.0 


GAGE  LENGTH  (INCHES) 


FIGURE  6:  VARIATION  OF  TOTAL-UNIFORM  ELONGATION  WITH  GAGE  LENGTH 
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FIGURES  6  &  7 


EFFECT  OF 


FIGURE  8A 


FIGURE  8B 

SPECIMEN  AREA  ON  TOTAL-UNIFORM  ELONGATION 
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FIGURES  8A  &  8B 


.001  .01  .1 

AREA  (INCHES') 

FIGURE  80 

EFFECT  OF  SPECIMEN  AREA  ON  TOTAL-UNIFORM  ELONGATION 
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FIGURES  eC  k  80 


LONGITUDINAL  STRAIN  DISTRIBUTION  IN  GAGE  LENGTH  SECTION  FOR 
BARS  OF  DIFFERENT  AREA 
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FIGURE  0 


FIGURES  10  &  I  I 


AREA  BUT  DIFFEREMT  GEOMETRY  IN  GAGE  LENGTH  SECTION 

FOR  BARS  OF  SAME  AREA 
BUT  DIFFERENT  GEOMETRY 


FIGURE  I2B 


FIGURE  i2C 

VAR  I AT  I  OR  OF  ELONGATION  WITH  GAGE  LENGTH 
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FIGURES  I2A, 


I2B  i  I2C 


FIGURE  13:  VARIATION  OF  aONGATION  IN  2  INCHES  WITH  SPECIMEN  AREA 


AREA  (INCHES*) 

FIGURE  K:  CALCULATED  VARIATION  OF  aONQATION  IN  2  INCHES  WITH 
SPECIMEN  AREA 
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FIGURES  13  &  14 


THE  USE  OF  SHEAR- CRACKED  SPECIMENS 
FOR  EVALUATION  OF  SHEET  MATERIALS 
By  J.  D.  Morrison  and  J.  R.  Kattus 


ABSTRACT 

A  description  is  given  of  a  special  tensile  specimen,  the  shear- 
cracked  specimen,  which  was  designed  for  use  in  the  evaluation  of 
fracture  toughness  of  sheet  materials.  The  shear- cracked  specimen, 
which  is  geometrically  similar  to  the  central  fatigue- cracked  specimen, 
is  prepared  rapidly  and  economically  in  quantity  by  means  of  special 
punch- and- die  fixtures.  In  the  limited  comparisons  made  so  far,  it  has 
been  found  that  fracture  data  obtained  with  shear- cracked  specimens 
are  very  similar  to  the  fracture  data  obtained  with  fatigue- cracked  or 
sharp  edge -notched  specimens  of  the  same  material.  Some  results  are 
presented  of  investigations,  with  shear-cracked  specimens,  of  the  effect 
of  experimental  variables  on  fracture  toughness.  An  attempt  to  correlate 
fracture -toughness  characteristics  with  the  burst  properties  of  model 
pressure  vessels  is  also  described. 


INTRODUCTION 


In  the  recent  report  of  the  ASTM  Committee  on  Fracture  Testing 
of  High  Strength  Sheet  Materials,  two  sorts  of  special  tensile  specimens 
were  recommended  for  determining  the  fracture  toughness  of  sheet 
materials,  these  specimens  having  either  very  sharp  edge  notches  or 
central  fatigue  cracks.  The  production  of  a  quantity  of  uniform  speci¬ 
mens  of  either  of  these  two  types  generally  requires  the  use  of  techniques 
that  are  rather  time-consuming  or  expensive  or  both. 

It  seemed  desirable,  therefore,  to  devise  a  valid  fracture  specimen 
that  could  be  produced  rapidly  and  cheaply  in  quantity  for  use  in  large- 
scale  evaluation  programs.  We  believe  that  the  shear- cracked  specimen 
described  in  this  paper  meets  these  requirements. 


This  research  was  supported  in  whole  by  the  Navy  Department,  Bureau  of 
Naval  Weapons,  under  Contract  NOas  60-6040c. 
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SPECIMEN  PREPARATION 


The  shear- cracked  specimen  is  geometrically  similar  to  the  central 
fatigue- cracked  specimen.  The  shear  crack  is  produced  by  means  of  a 
punch-and-die  fixture  that  makes  a  transverse  cut  of  the  desired  length 
through  the  center  of  the  specimen,  the  ends  of  the  cut  terminating  in  a  tear. 
A  typical  shear-cracked  specimen  is  shown  in  Fig.  1.  Two  offset  punches 
operate  from  opposite  sides  of  the  specimen,  each  punch  penetrating  half 
the  specimen  thickness.  The  punches  are  adjustable,  by  means  of  shims, 
so  that  a  range  of  specimen  thicknesses  can  be  shear- cracked. 

The  sides  of  the  punches  are  rounded  to  a  radius  of  0.  090  in.  The 
rounded  sides  of  the  punches  account  for  the  projecting  points  in  the  crack- 
plane  of  the  specimen. 

Punch-and-die  fixtures  are  available  in  four  sizes,  producing  shear- 
crack  lengths  of  about  0.  20  in.  ,  0.  35  in.  ,  0.  60  in.  ,  and  1. 00  in.  The 
shear- crack  lengths  obtained  with  a  given  fixture  will  vary  slightly, 
depending  upon  the  particular  specimen  thickness.  This  range  of  shear- 
crack  lengths  is  suitable  for  specimen  widths  up  to  3  in.  The  large  fixture 
will  accommodate  sheet  thicknesses  up  to  0. 125  in.  Specimen  width  and 
crack  length  are  selected  for  the  particular  sheet  thickness,  in  accordance 
with  the  recommendations  of  the  ASTM  Fracture  Committee. 

Specimens  of  quench-hardenable  materials  are  shear-cracked  in  the 
annealed  condition  before  heat  treatment.  Work-hardenable  materials,  such 
as  the  austenitic  stainless  steels,  have  been  shear- cracked  after  as  much  as 
50%  cold- reduction.  The  hardness  of  Type  301  material  in  this  condition  was 
about  Re  45,  and  the  standard  tensile  elongation,  2.  5%  in  2  in.  Beta- titanium 
samples,  0. 100  in.  thick,  have  been  shear-cracked  after  aging  to  180,000  psi 
nominal  yield  strength.  The  probable  upper  limit  of  hardness  for  shear 
cracking,  without  excessive  damage  to  the  punches,  is  believed  to  be  about 
Rc  50. 


MATERIAL  EVALUATIONS  WITH  SHEAR-  CRACKED:  SPECIMENS 


In  the  material  evaluation.?  made  with  shear- cracked  specimens  so  far, 
it  has  been  the  practice  to  obtain  net-fracture-strength  data  and  fracture- 
appearance  data  for  each  material  over  a  range  of  temperatures  from  about 
-200  "F  to  600“  F.  These  temperature  limits  can  be  extended  if  necessary. 
The  loading  rate  usually  employed  causes  fracture  within  about  2  min. 

Tensile  yield- strength  and  ultimate-strength  properties  are  obtained  in  the 
same  temperature  range  with  standard  specimens  of  each  material  for 
comparison  with  crack-propagation  properties.  As  is  the  case  for  fatigue- 


cracked  and  edge-notched  specimens,  the  fracture- strength  parameter, 

Kc3,  may  be  calculated  for  shear- cracked  specimens  from  initial  crack- 
length  measurements  and  percent- shear  values.  By  means  of  measurements 
of  critical  crack  length,  Kci  values  may  be  obtained.  For  specimens 
fractured  at  near  ambient  temperatures,  critical  crack  length  is  measured 
by  the  ink- stain  method.  The  progress  of  slow  crack  extension,  and  hence 
an  indication  of  critical  crack  length,  can  also  be  recorded  by  means  of  an 
electrical-resistance  method.  This  method  can  be  used  under  any  condi¬ 
tions  in  which  plastic  flow  causes  little  or  no  reduction  of  area  in  the 
fracture  plane.  In  the  electrical-resistance  method,  a  small  direct  current 
is  passed  through  the  specimen,  and  the  potential- drop  across  the  crack  is 
recorded  as  a  function  of  time  while  the  specimen  is  loaded  to  failure.  The 
calibration  standards  for  the  method  are  shear- cracked  specimens  of  vary¬ 
ing  crack  lengths.  A  typical  recording  of  an  electrical-resistance  measure¬ 
ment  of  crack  extension  is  shown  in  Fig.  2,  which  is  a  recording  for  a 
shear-cracked  specimen  of  AM  350  stainless  steel  fractured  at  -200“  F.  In 
this  plot,  crack-length  values,  obtained  by  means  of  the  calibration,  have 
replaced  potential- drop  values  in  the  abscissa.  The  short,  stepwise  crack 
extensions  just  prior  to  fracture  were  also  manifested  by  audible  "cracking.  " 

The  results  of  an  evaluation  of  0.064-in.  thick  AMS  6434  steel, 
hardened  and  tempered  at  400“  F,  are  shown  in  Fig.  3.  Shear-cracked 
specimens  of  1.  5  in.  over-all  width  were  used.  The  full-shear  transition 
temperature  for  this  material  was  -100“  F.  The  fracture  surfaces  of  the 
specimens  are  shown  in  Fig.  4.  A  rather  pronounced  "maximum"  in 
standard  tensile  strength  properties,  occurring  at  about  350°  F,  correlates 
with  a  decrease  in  net  fracture  stress  at  this  temperature.  These  effects 
are  thought  to  be  associated  with  strain-aging  of  the  AMS  6434  material. 


COMPARISON  OF  SHEAR- CRACKED  SPECIMENS  WITH  OTHER 

FRACTURE  SPECIMENS 


The  acceptance  of  the  shear- cracked  specimen  as  a  valid  crack- 
propagation  specimen  must  be  justified  by  a  direct  comparison  with  other 
specimens  now  in  general  use,  namely,  the  fatigue- cracked  specimen  and 
the  sharp  edge-notched  specimen.  Such  a  comparison  is  being  made  at 
Southern  Research  Institute  between  shear- cracked  and  fatigue- cracked 
specimens.  Some  limited  comparative  data  have  been  obtained.  In  Fig.  5, 
fracture  data  obtained  with  shear-cracked  and  fatigue- cracked  specimens 
of  aged  AM  350  stainless  steel  sheet  are  compared.  The  fracture 
specimens,  all  of  which  were  of  1.  5  in.  over- all  width,  were  machined 
from  0.040-in.  -thick  sheet.  Standard  tensile  properties  of  the  alloy  are 
also  shown.  Both  types  of  fracture  specimens  indicated  a  full- shear 
transition  temperature  of  -100“  F  for  the  AM  350.  Net-fracture-strength 
values  were  in  fairly  good  agreement,  showing  the  transition  temperature 
to  be  between  -50“F  and  -100“  F. 
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A  comparison  of  fracture  properties  of  Vascojet-1000  sheet,  obtained 
with  sharp  edge-notched  specimens  and  with  shear- cracked  specimens,  has 
been  made  at  the  NASA  Lewis  Research  Center.  This  comparison  was 
made  with  specimens  of  five  different  strength  levels  and  of  two  over-all 
widths.  Generally,  good  agreement  was  found  for  net  fracture  Stress,  Kc, 
and  percent  shear  between  the  two  types  of  specimens  of  the  same  over-all 
width  and  at  the  same  strength  level. 


EFFECTS  OF  EXPERIMENTAL  VARIABLES  ON 
FRACTURE  PROPERTIES 


The  effects  of  several  experimental  variables  on  crack-propagation 
characteristics  are  presently  being  investigated  with  shear- cracked  specimens. 
Such  variables  include  rate  of  loading,  nominal  strength  level,  and  sheet 
thickness. 

The  effects  of  loading  rate  on  the  fracture  properties  of  aged  AM  350 
sheet  are  shown  in  Fig.  6.  Two  loading  rates  were  used:  the  slow  rate 
causing  fracture  in  about  2  min,  and  the  fast  rate  causing  fracture  in  about 
0. 1  sec.  The  specimen  dimensions  and  the  heat  treatment  were  identical 
with  those  used  in  the  work  on  AM  350  already  described.  Apparently,  the 
effect  of  greatly  increasing  the  loading  rate  was  to  lower  the  transition 
temperature.  This  effect  was  evident  for  both  the  fracture  appearance  and 
the  net  fracture  stress.  As  a  check  on  these  results,  fracture  data  were 
obtained  at  the  fast  loading  rate  with  fatigue- cracked  specimens  of  the  AM  350. 
These  data  were  in  close  agreement  with  the  fast-loading  rate  data  obtained 
with  shear-cracked  specimens  as  is  shown  in  Fig.  7.  Additional  work  now  in 
progress  indicates  that  the  effects  of  strain  rate  on  transition  temperature 
may  depend  upon  the  type  of  alloy,  increasing  strain  rate  effecting  a  decrease 
in  transition  temperature  in  some  materials  and  an  increase  in  other  alloys. 


CORRELATION  WITH  BURST  STRENGTH  OF  MODEL 
PRESSURE  VESSELS 


Another  phase  of  the  investigation  of  fracture  toughness  with  shear- 
cracked  specimens  consists  of  an  attempt  to  correlate  crack-propagation 
properties  with  burst  strength  of  model  pressure  vessels.  Two  steels  — 
SAE  4130  and  SAE  4340 —  are  included  in  this  program.  Results  for  the 
SAE  4130  material,  heat  treated  to  a  nominal  strength  level  of  200,000  psi, 
will  be  described;  similar  work  on  the  4340  vessels  has  not  yet  been 
completed.  The  4130  vessels,  which  were  seamless  gas  cylinders  of  205 
cu.  in.  capacity,  were  evaluated  over  a  range  of  temperatures  from  -160“ 
to  364“  F.  Evaluations  of  the  fracture  toughness  of  shear-cracked  sheet 
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specimens  of  the  same  thickness  as  the  finished-vessel  wall  thickness 
(nominally  0. 100  in. )  were  made  over  the  same  temperature  range. 
Standard  tensile  properties  were  also  determined  for  this  material. 

The  three  types  of  data  are  compared  in  Fig.  8.  Fracture- 
appearance  data  for  the  vessels  and  fracture-appearance  and  fracture- 
stress  data  for  the  shear-cracked  specimens  indicate  that,  at  tempera¬ 
tures  somewhat  below  -.50  “F,  the  vessels  could  have  failed  at  lower 
applied  stresses  if  stress-concentrating  defects  of  sufficient  severity 
had  been  present. 

Values  of  the  fracture-strength  parameter,  were  calculated 

from  the  initialr crack- length  and  fracture- appearance  data  for  the  shear- 
cracked  specimens.  For  two  shear-cracked  4130  specimens,  one 
fractured  at  75®  F  and  one  at  -150®  F,  Kci  values  were  calculated  from 
critical  crack-lengths.  For  the  specimen  fractured  at  75°  F,  critical 
crack- length  was  measured  by  the  ink- stain  method  and  by  the  electrical- 
resistance  method,  identical  values  being  obtained  with  the  two  methods. 
For  the  specimen  fractured  at  -150®  F,  the  critical  crack-length  was 
measured  by  the  electrical-resistance  method.  These  data  are  shown 
in  Fig.  9,  where  it  is  seen  that  both  criteria — fracture  appearance  and 
Kc  values — indicate  the  same  brittle -to- ductile  transition  temperature, 
-50®  F. 


CONCLUSIONS 


Work  completed  so  far  indicates  that  shear- cracked  specimens  are 
quite  suitable  for  determining  the  fracture  toughness  of  sheet  metals 
under  wide  conditions  of  temperature,  strain  rate,  and  specimen  size. 
Present  and  future  work  will  give  additional  insight  into  the  usefulness  of 
specimens  of  this  type  for  predicting  service  performance  of  engineering 
structures. 
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Section  A  A 

Through  Shears  Crack  Plane 

2X 


Edge  View  of  Specimen  in 
Region  of  Shear  Crack 
2X 


Figure  1.  Typical  shear-cracked  specimen 
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Crack  Length,  In. 

Figure  2.  Measurement  of  crack  extension  obtained  by  means 
of  the  electrical- resistance  method  for  a  shear- 
cracked  specimen  of  AM  350  stainless  steel 
fractured  at  -200“  F. 
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Figure  3.  Effect  of  temperature  on  the  standard- tensile  properties 
and  fracture  properties  of  heat-treated*  longitudinal 
specimens  of  AMS  6434  steel  sheet. 


*  Austenitized  at  1620”  F  for  30  min  (argon),  oil-quenched;  tempered  at 
400 ”F  for  2  hr. 
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Figure  5.  Effect  of  temperature  on  the  standard  tensile 
properties  and  fracture  properties  of  heat- 
treated^,  longitudinal  specimens  of  AM  350 
stainless  steel  sheet,  loaded  to  fracture  in  2  min. 


1  Solution  treated  at  1725  “F  for  30  min  (argon),  water  quenched; 
refrigerated  at  -  lOS^F  for  3  hr;  aged  at  SSO^F  for  3  hr. 
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Figure  6.  Effect  of  loading  rate  on  the  fracture  properties  of 
longitudinal,  shear- cracked,  AM  350  stainless  steel 
sheet^  at  various  temperatures. 


^  Solution  treated  at  1725°  F  30  min  (argon),  water- quenched; 
refrigerated  at  -105°  F  3  hr;  aged  at  850°  F  3  hr. 
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Figure  7.  Effect  of  temperature  on  the  fracture  properties  of 
longitudinal  shear- cracked  and  fatigue- cracked 
specimens  of  AM  350  sheet^,  loaded  to  fracture  in 
0. 1  sec, 

^  Solution  treated  at  1725°  F  30  min  (argon),  water- quenched; 
refrigerated  at  -105°  F  3  hr;  aged  at  850°  F  3  hr. 
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Figure  8.  Effect  of  temperature  on  the  fracture  properties  of 
SAE  4130  steel  vessels^  and  on  the  standard  tensile 
properties  and  fracture  properties  of  SAE  4130 
steel  sheet  specimens^. 


^  Heat  treated  as  follows;  Austenitized  at  1700°  F  fdr  68  min,  oil- 
quenched;  tempered  at  825°  F  for  1  hr. 
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Figure  9.  Effect  of  temperature  on  the  fracture  toughness 

and  fracture  appearance  of  shear- cracked  specimens 
of  SAE  4130  steel  sheet.  ^ 

^  Heat  treated  as  follows:  Austenitized  at  1700“  F  for  68  min, 
oil-quenched;  tempered  at  825“  F  for  1  hr. 
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TOUGHNESS  OF  SHEST 


Elliot  \'l.  3r£.dy 

(Presented  by  E.R.  Mertz,  Aerojet  Genera!  Corp.) 

The  problem  of  screenins;  material  for  rocket  motor  usage 
has  received  concentrated  attention  during  the  past  five  years; 
and  the  basic  problem  of  avoiding  brittle  failures  in  structures 
has  been  studied  intensively  for  the  last  twenty  years,  having 
been  accelerated  by  the  'ship  failures  and  the  failures  of  aircraft 
landing  gear.  Vtork  on  the  latter  problem  has  helped  by  showing  the 
need  for  sensitive  tests  and  the  necessity  for  the  modification 
of  alloy  composition  and  treatment.  Alloy  development  has  continued 
and  very  attractive  strength  levels  have  been  achieved. 

Therefore,  materials  with  attractive  strength i- density 
properties  must  be  screened  to  find  vrhlch  ones  have  potential  for 
rocket  cases.  Suitable  screening  tests  may  be  used  to  determine 
the  highest  strength  compatible  v/lth  acceptable  toughness  for  a 
given  material  or  to  compare  materials  to  determine  which  has  tho 
best  fracture  toughness  at  a  given  strength  level.  Tho  properties 
of  a  promising  material  can  be  optimized  by  determining  the  effect 
of  variables  in  composition,  manufacture,  and  heat  treatment  upon 
strength  and  toughness  by  means  of  suitable  tests. 

There  is  no  lack  of  tests.  In  fact,  the  multiplicity  of  tests 
and  the  many  criteria  for  interpreting  each  test  has  added  to  the 
problemoof  evaluating  materials.  For  Instance,  center-notch  tensile 
data  Is  not  all  comparable;  results  may  vary  by  a  factor  of  3 
depending  on  the  specimen  used.  Values  for  Gc  have  been  given  without 
specifying  the  specimen  used,  the  test  procedure,  or  the  method  of 
calculation.  Other  laboratories  have  adopted  the  name  "NRL  test" 
to  dignify  a  test  which  is  simillar  only  in  name.  And  notch  strengths 
obtained  with  large  radius  notches  (K+  =  5)  are  still  used  to  prove 
the  toughness  of  each  new  wonder  metal.  In  many  cases  an  individual 
Investigatorris  wedded  to  a  given  test  because  (a)  he  developed  the 
test,  (b).  he  has  had. expensive  Jigs  made  for  machining,  Inspecting, 
and  testing  his  own  specimen,  and  (c)  ho  has  accumulated  a  great 
deal  of  test  data.  Actually,  the  selection  of  screening  tests 
Should  be  relatively  simple;  if  the  toot  is  used  only  for  comparison 
we  can  avoid  all  the  controversy  about  what  the  criteria  should 
be,  or  what  toughness  is  required. 


What  are  the  criteria  for  a  suitable  screening  test?  Obviously, 
the  first  requirement  is  that  the  test  be  capable  of  distinguishing 
between  materials  which  vary  in  toughness,  and  that  it  be  sensitive 
enough  to  Indicate  small  differences  with  good  reproducibility. 
However,  the  toot  should  also  be  economical  of  material  and  tirno; 
considering  machining,  Inopoctlng,  testing,  and  interpretation  time. 
It  should  be  equally  v;oll  suited  to  steel,’  titanium  alloy,  and 
aluminum  alloy.  The  test  should  permit  investigation  of  toughnoos 
over  a  v;lde  range  of  temperatures , 
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"  A  critical  revlev;  of  the  screGiilnc;  tests  currently  beiiv;  used 
Is  beyond  the  scope  of  this  paper;  hov;ever,  some  Genorallr-atlons 
can  bo  made.  Inf  CG’ieral,  tlie  un-notched  spoclD^en  tests  are  not 
sensitive  enough  to  reveal  chan2;os  in  specimen  brittleness  as 
Influenced  by  variables  In  composition  or  heat  treatment.  The 
pressure  tests,  such  as  bulge,  flanred-hemisphere  (or  hat), 
cylinder,  sphere,  seralsphere,  or  sub- scale  chamber  are  also  too 
expensive  to  faorlcate,  instrument,  and  test  to  be  considered  as 
screening  tests.  Other  teste — such  as  the  impact  bulge  and  instru¬ 
mented  bend  test — are  very  attractive  because  of  lov  specimen 
and  testing  cost,  but  apparently  result  in  excessive  spread  in 
results  for  some  materials,  possibly  because  the  bendiny  stress 
exaggerates  the  effect  of  surface  conditions. 

Tensile  tests  with  sharp  notches  or  transverse  cracks  were  a 
logical  development,  since  slmlliar  sti-ess  concentrations  have  been 
found  to  be  the  cause  of  many  proosuro  vessel  failures.  In 
evaluating  bar  and  forgings,  the  value  of  sharply-notched  tensile 
specimens  has  long  been  recognizod.  (1»2)  Flat  specimens 
containing  zero-radius  notches  resembling  artificial  cracks  were 
investigated  many  years  ago.  '>)  More  rocontly,  the  center- 
notched  and  center-cracked  specimens  have  been  developed.  The 
center-notch  tensile  test  is  one  of  the  most  valuable  for 
evaluation,  but  specimen  preparation  is  quite  time  consuming 
where  notching  by  spark- disc barge  machining  is  required,  or  if 
cracking  by  hydrogen  onibrittleinent  or  fatigue  in  required. 

Southern  Research  Institute  is  iuvostigatlug  a  center-notchod 
specimen  in  v;hlch  a  transverse  crack  is  produced  by  nhoaring 
action,  using  a  die  set.  If  this  specimen  Is  found  to  give 
reproducible  results  it  should  result  In  an  excellent  scroonlng 
test, 

\  One  of  the  most  attractive  screening  tests  is  the  edge-notch 
tensile  tesC  An  excellent  specimen  desigu  has  been  recommended 
by  the  A3TM  Oomralttee'^0  and  extensive  data  has  been  developed 
v/hioh  proves  the  oensitlvlty  of  the  test.  Numerous  attempts  have 
been  made  to  simplify  specimen  fabrication  by  using  a  larger 
notch  radius,  but  tho  evldonce  to  date  indicates  that  radii 
resulting  in  notch  factors  lower  than  =  12  fall  to  give  the 
required  sensitivity.  Another  approach  is  to  use  a  wider 
specimen,  since  with  a  3  inch  width  a  notch  radius  as  large  c.s 
0.007  inches  v/111  result  in  Kt  =  12,  This  approach,  however, 
sacrifices  the  advantage  of  the  crack  or  sharp  notch.  Probably 
additional  development  v/111  simplify  the  machining  of  tho  0,000? 
inch  radius  (maximum)  notch,  porhaps  by  use  of  one  of  tho  newer 
machining  methods,  such  as  electrolytic  grinding. 

It  is  the  opinion  of  the  v:riter  that  a  tost  clrnlllar  to  the 
edge-notch  tensile  of  Reference  A  should  oe  adopted  as  a 
Tentative  Standard  as  soon  as  noeclble,  since  its  'icier  usage  by 
producers  and  users  of  sheet  materials  v/ou.ld  ro3r(:!t  in  enormous 
savings  of  time  and  money  in  rocket  motor  case  development. 


Sunerscripts  refer  to  the  rofcroi'ijo  list  o.';  'o  g. 
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PREPARED  DISCUSSION  -  FIFTH  SESSION 
"Comments  on  Future  Higher  Strength  Materials" 

By 

J.  Co  Hamaker 

Perhaps  it  is  blasphemous  to  discuss  future  higher  strength 
materials  in  view  of  the  problems  encountered  with  the  materials  cur¬ 
rently  available.  However,  since  alloy  development  has  not  been  men¬ 
tioned  in  the  program,  I  thought  you  might  like  to  heat  what  is  anti¬ 
cipated  in  the  future  to  help  guide  your  thinking  as  far  as  notch  sen¬ 
sitivity  is  concerned. 

Figure  1  constitutes  an  addendum  to  the  Lockheed  report  pre¬ 
sented  by  Dr.  Schapiro  which  pointed  out  that  strength  levels  of  struc¬ 
tural  aircraft  parts  are  considerably  above  those  of  ciirrent  missile 
manufacture.  This  is  the  major  carry-through  structure  in  the  tail  frame- 
of  the  North  American  A3J  Vigilante,  a  production  twin  jet  Naval  attack 
bomber.  It  is  made  from  Modified  H-11  steel,  heat  treated  to  280-310,000 
psl  ultimate.  The  assembly  is  approximately  lU  feet  across  with  indivi¬ 
dual  parts  as  long  as  7  feet.  Sections  vary  from  about  5  inches  in  dia¬ 
meter  on  the  three  spindles  which  support  the  tail  surfaces,  to  only 
,060  Inches  in  the  web  and  frame  structure.  The  manufacturer  reports 
that  extremely  close  tolerances  are  held  by  the  air  hardening  heat  treat¬ 
ment,  with  no  surface  removal  other  than  blasting  required  after  heat 
treatment  in  controlled  atmosphere.  Furthern^ore ,  multiple  tempering  at 
1000  F  to  the  280-310,000  psi  ultimate  stren^h  level  results  in  less 
than  1  percent  retair;ed  austenite  by  X-ray  diffraction,  along  with  maxi¬ 
mum  removal  of  residual  stresses  and  any  detrimental  effects  of  final 
surface  protection  treatments. 

These  parts  have  been  fabricated  in  a  number  of  ways.  The 
first  few  were  machined  hog-outs,  employing  billets  28  x  8  inches  in 
cross  section,  18  x  5  inches,  12  x  12  inches,  etc.,  which  were  hand 
forged  to  a  very  approximate  shape  and  then  simply  whittled  to  the  ex¬ 
tremely  thin  sections  shown.  You  can  well  imagine  how  much  reliability 
was  required  in  the  center  of  a  billet  when  some  of  the  material  remain¬ 
ing  after  the  hogging-out  operation  was  only  .O60  inches  thick  in  that 
location.  Subsequent  parts  have  been  made  by  fusion  welding  or  pressure 
welding  from  die  forged  and/or  sheet  components. 

A  number  of  other  critically  stressed  parts  on  the  A3J  are 
also  made  from  Modified  H-11  at  28O-3IO  ksi,  including  catapult  and  ar¬ 
resting  gear  components,  support  lugs,  etc.,  all  with  excellent  reliabi¬ 
lity.  One  incident.  Involving  a  crash  due  to  a  system  failure,  gave  an 
indication  of  reliability  at  this  strength  level.  When  the  aircraft 
was  dug  up  for  examination'' (it  was  one  of  those50  foot  hole  jobs)  the 
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Figure  1.  Carry-Through  Structure  in  Tail  Frame 
of  A3J  Vigilante  Naval  Attack  Bomber 


largest  pieces  of  the  airplane  were  found  to  be  this  tail  frame  struc¬ 
ture.  This  is  quite  remarkable  considering  that  aluminum,  titanium, 
and  other  supposedly  more  ductile  materials  were  also  on  the  aircraft. 

A  few  other  outstanding  applications  might  be  mentioned.  On 
the  Convair  6-58  Hustler  bomber,  the  eleven  hinges  support  all  of  the 
control  surfaces  on  the  delta  wing  and  thus  are  extremely  critical  parts. 
When  made  from  titanium,  these  were  called  the  “Cadillac  parts*';  by 
changing  to  a  H-11  Modified  steel  at  26o  ksi,  the  cost  was  reduced  to 
approximately  one-fifth  of  the  original,  and  very  satisfactory  weldabi¬ 
lity,  heat  treatment,  and  performance  have  been  reported.  The  new  B-70 
Valkyrie  bomber  is  another  major  application  of  this  steel  at  the 
280,000  psi  minimum  strength  level  for  landing  gear,  hydraulic  system, 
and  major  air  frame  components. 

So  much  for  aircraft  applications  at  strength  levels  above 
and  beyond  those  currently  used  in  missiles;  we  all  recognize  that 
missile  design  problems  and  safety  factors  are  much  more  restrictive. 

Let  us  now  consider  future  higher  strength  trends.  Figure  2 
shows  estimated  strength  capabilities  of  low  and  medium  alloy  steels  ex¬ 
trapolated  to  the  year  1975  for  a  recent  Materials  Advisory  Board  stand¬ 
ing  Committee  reviewing  the  DOD  Metals  Research  and  Development  Program. 

The  slopes  beyond  1960  are,  of  course,  strictly  conjecture,  but  the 
strength  levels  indicated  for  1975  have  already  been  obtained  on  a  la¬ 
boratory  scale.  These  include  465,000  psi  ultimate  in  ausformed  steel, 
and  425,000  psi  ultimate  with  365,000  yield  in  conventionally  heat 
treated  steel.  To  achieve  these  values,  it  was  necessary  to  increase 
the  carbon  content  from  the  .40  percent  currently  used  in  ultra  high 
strength  steels  to  approximately  .60  percent,  balanced  by  a  total  of 
8  to  11  percent  alloying  elements. 

Alloy  development  studies  to  date  indicate  a  definite  need 
for  increased  alloy  content  for  higher  strengths;  carbon  alone  is  in¬ 
sufficient  for  the  purpose.  Figure  3,  from  a  1957  ASM  paper  on  bend 
testing,  Illustrates  this  trend.  Low  alloy  steel  SI  and  medium  alloy 
steel  07  each  achieve  maximum  bend  yield  strength  at  intermediate  hard¬ 
ness  levels;  attempting  to  heat  treat  them,  to  higher  than  their  opti¬ 
mum  hardness  results  in  a  decided  strength  decrease.  The  high  alloy 
steels  M?  and  Tl,  on  the  other  hand,  maintain  proportionality  of  strength 
and  hardness  up  to  nearly  the  maximum  hardness  obtainable  by  conventional 
heat  treatment.  Thus  far,  the  high  speed  steels,  similar  to  M2  and  Tl, 
have  proved  to  be  the  strongest  heat  treatable  compositions,  and  modifi¬ 
cations  of  these  steels  have  produced  all  of  the  conventional  heat  treat¬ 
ed  strength  values  in  the  375-425,000  psi  range.  Secondary  hardening, 
as  obtained  in  high  speed  steels  and  hot  work  die  steels,  appears  parti¬ 
cularly  Important  above  300,000  psi  because  the  high  tempering  temperat’ures 
(1000  F  and  above)  permit  maximum  stress  relief  and  hydrogen  removal,  as 
well  as  transformation  of  unstable  retained  austenite  by  multiple  temper¬ 
ing. 
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These  trends  to  higher  carbon  and  alloy  contents  for  higher 
strength  materials  will^  of  course,  mean  inherently  less  ductility.  Let 
us  refer  again  to  Figure  2.  In  19^0  aircraft  designers  considered  l80,000 
psi  to  be  the  maximum  safe  strength  level  for  aircraft  design.  Today,  they 
are  using  300,000  and  325 >000  psi  materials,  taking  advantage  of  improved 
design  and  fabrication  techniques,  and  improved  quality  of  materials.  Each 
step  upward  along  this  curve  has  necessitated  extensive  reliability  evalu¬ 
ation  of  the  lower  ductilities  inherent  with  the  higher  strengths,  and  has 
presented  momentary  plateaus  until  new  and  daring  breakthroughs  have  been 
achieved. 


Similar  plateaus,  based  on  notch  sensitivity  or  crack  propagat¬ 
ion,  appear  to  be  currently  facing  the  missile  industry.  These  are  indi¬ 
cated  by  the  dotted  lines  in  Figure  2.  The  lower  dotted  line  shows  the 
current  200-220,000  yield  strength  limitation  based  on  notch  toughness 
criteria  requiring  =  800-1000,  or  a  notch  strength  ratio  of  1.0  with 
very  sharp  notches. 

This  relationship  of  sharp  notch  strength  to  heat  treated  strength 
level  has  been  demonstrated  in  slides  throughout  this  conference  and  extens¬ 
ively  reported  in  the  literature.  Figures  k  and  5>  from  Aerojet -General  stu¬ 
dies  on  a  number  of  materials,  clearly  indicate  the  marked  dependence  of  G,, 
on  the  heat  treated  yield  strength.  Values  as  high  as  3000  have  been  report¬ 
ed  at  yield  strengths  below  220,000  psi  in  consumable  vacuum  melted  material, 
but  slightly  higher  yield  strengths  result  in  consistently  low  G,,  values  for 
all  materials.  The  data  of  Brown  et  al  (Figure  6)  similarly  show  increasing 
notch  sensitivity  with  increasing  strength  level,  with  a  fairly  narrow  band 
for  steels  strengthened  by  widely  different  mechanisms.  Their  recent  data 
for  titanium  alloys  Indicate  a  similar  band,  but  a  slightly  higher  strength- 
to-density  ratios  indicating  some  promise  from  that  source. 

In  any  event,  the  evidence  consistently  points  to  definite  plateaus 
in  usable  strength  levels  of  all  materials  based  on  sharp  notch  criteria. 

The  dotted  lines  in  Figure  2  have  been  drawn  with  relatively  small 
slopes  because  the  intensive  development  and  testing  programs  of  the  past 
several  years  have  failed  to  indicate  a  significant  breakthrough  toward  in¬ 
creasing  strength  without  sacrificing  ductility  and  corresponding  sharp 
notch  toughness.  Although  consumable  vacuum  melting  has  provided  200-300 
percent  improvement  in  transverse  ductility  of  large  billets  for  landing 
gear  and  major  air  frame  sections,  it  has  shown  very  small  improvements  in 
sharp  notch  properties  by  the  various  test  methods.  Extensive  testing  of 
existing  alloys  and  alloy  development  programs  in  many  research  laboratories 
have  similarly  produced  no  significant  change  in  sharp  notch  properties  com¬ 
pared  with  existing  steels.  We  are,  of  course,  continuing  our  programs  in 
the  hope  of  developing  such  a  fabulous  material,  but  feel  that  conservatism 
is  necessary  in  extrapolating  future  potentials. 


■ 
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Figure  4  Figure  5 


Ullimole  Tensile  Sirength-ksi 


Figure  b 


If,  through  improved  design,  fabrication,  and  inspection  procedures, 
lower  notch  strength  ratios  can  be  accommodated,  or,  similarly,  milder  notch 
criteria  are  acceptable,  the  usable  strength  level  is  increased  as  shown  by 
the  upper  dotted  line  of  Figure  2.  This  potential  has  been  demonstrated  by 
Pratt  and  Whitney  in  the  rocket  cases  they  have  been  describing,  and  by  the 
milder  notch  data  of  Dr,  Sachs  and  his  associates.  And,  proceeding  on  up  the 
ultra  high  strength  curve,  it  does  not  seem  too  unreasonable  to  expect  a  series 
of  new  plateaus  accompanying  various  notch  criteria.  According  to  Mr.  Jones' 
report  here,  ausformed  steels  also  are  exhibiting  low  sharp  notch  properties 
with  their  extremely  high  strength  potential. 

Perhaps,  with  extremely  clean  steels,  and  optimum  design,  fabricat¬ 
ion,  and  inspection,  crack  initiation  rather  than  crack  propagation  will  be¬ 
come  the  important  consideration.  High  speed  steels  and  cold  work  die  steels 
have  been  heat  treated  to  extremely  high  hardness  and  strength  levels  for 
many  years  and,  if  free  of  cracks  or  corresponding  design  defects  to  start 
with,  they  remarkably  withstand  shock  and  stress  during  extended  service. 

In  summary  then,  from  the  present  state  of  the  art,  it  appears  that 
higher  strength  levels  in  rocket  cases  may  be  best  achieved  by  improvements 
in  design,  fabrication,  and  inspection  procedures,  to  accommodate  the  greater 
notch  sensitivity  apparently  inherent  in  materials  capable  of  achieving  these 
strengths . 


V-150 


PREPARED  DISCUSSION  -  FIFTH  SESSION 


NRL-NASA-SRI  COOPERATIVE  STUDY  OF  HIGH  STRENGTH 
SHEET  SPECIMENS  INTENDED  FOR  MEASURING 
DESIGN  VALUES  OF  FRACTURE  TOUGHNESS 

By 

A.  G.  Holms 


INTRODUCTION 

Recent  proposals  for  the  geometry  of  specimen  types  to  be  used 
for  screening  high  strength  materials  are  described  in  references  1  and  2. 

In  addition^  some  proposals  concerning  specimens  to  be  used  for  determining 
quantitative  values  of  fracture  toughness  (K^)  were  described  by  the  ASTM 
Committee  on  Fracture  Testing  of  High  Strength  Sheet  Materials  (ref.  S)- 
The  work  to  be  discussed  herein  was  done  with  specimens  that  are  essentially 
in  accord  with  the  recommendations  of  reference  3-  This  investigation  is 
intended  to  provide  further  information  on  what  geometrical  characteristics 
specimens  should  have  for  determination  of  K  values.  The  program  was 
started  as  a  cooperative  effort  by  NRL  and  N^SA  and  now  includes  a  specimen 
geometry  that  was  developed  at  Southern  Research  Institute. 

Three  basic  designs  of  specimen  are  being  used  and  two  sizes  of 
specimens  are  being  tested  within  each  basic  design.  These  six  combinations 
of  size  and  shape  are  listed  in  Fig.  17  of  reference  1.  Additional  des¬ 
cription  of  the  Southern  Research  Institute  specimens  is  given  in  reference  4. 

The  work  in  progress  includes  static  tensile  testing  at  room 
temperature  to  measure  fracture  toughness  for  (l)  H-11  modified;  (2)  AISI 
301  with  70  percent  cold  reduction^,  and  (3)  beta  titanium,  BC  120  VGA.  Each 
material  is  tested  in  conditions  varying  from  tough  to  relatively  brittle. 

Heat  treatment  is  carried  out  at  NASA  before  notching  or  cracking.  N^L 
specimens  are  tested  at  NRL.  NASA  and  SRI  specimens  are  tested  at  NA^.  Al¬ 
most  all  the  testing  of  the  H-11  modified  and  the  AISI  301  is  complete.  De¬ 
cisions  on  heat  treatments  for  the  titanium  are  still  to  be  made. 

SAMPLING 


All  specimens  of  a  given  alloy  were  obtained  from  a  single  heat 
of  material.  The  AISI  301  specimens  were  taken  from  a  single  sheet  in  a 
manner  such  that  all  specimen  designs  were  stratified  equally  with  respect 
to  longitudinal  and  transverse  positions  in  the  sheet.  Specimens  of  H-11 
were,  taken  from  three  sheets,  and  no  particular  sampling  plan  was  employed. 
However,  specimen  hardness  measurements  shown  in  Table  I  indicate  very  uni¬ 
form  response  to  the  various  tempering  treatments  employed.  The  numbers  given 
in  the  table  are  averages  of  two  to  four  impressions  on  a  single  specimen. 


Within  any  tempering,  the  hardness  varied  at  most  by  one  or  two  points.  This 
uniformity  in  hardness  suggests  that  a  corresponding  uniformity  should  oc¬ 
cur  in  the  fracture  characteristics.  For  example,  the  notch  properties  of 
a  given  heat  of  H-11  modified  are  known  to  be  a  unique  (but  nonlinear) 
function  of  the  tensile  strength,  and  tensile  strength  is  a  function  of 
hardness. 

RESULTS  WITH  H-11  MODIFIED 

The  end  purpose  of  the  tests  was  the  measurement  of  fracture 
toughness,  K^.  As  part  of  this  measurement,  an  ink  stain  technique  was 
used  to'  determine  the  crack  length  at  the  start  of  rapid  fracture.  The 
maximum  load  divided  by  the  uncracked  area  at  the  start  of  rapid  fracturing 
is  called  the  net  fracture  stress,  CJa.  The  calculation  for  presented  by 
the  ASTM  Fracture  Committee  was  recommended  for  design  purposes  only  when 
the  ratio  of  net  fracture  stress  to  yield  strength,  (7^/  O'  ^  is  less  than 
unity. 


The  ratio  o'^^/  0"^^  is  shown  as  a  function  of  tempering  temper¬ 
ature  in  Fig.  1.  All  specimen  shapes  and  sizes  met  the  condition  of  (7^/ 
cr  y  <1  for  all  tempers  up  to  1075  F.  At  1100  F,  only  the  large  NASA 
and  SRI  specimens  met  this  condition,  and  at  1125  F,  only  the  large  NASA 
specimen  satisfied  this  condition. 

The  K|,  values  for  all  specimens  that  met  the  condition  of  (7^/ 

(7  yg  j<l  are  shown  in  Fig.  2.  The  points  are  averages  obtained  from  trip¬ 
licate  tests. 

The  differences  in  K,,  values  shown  in  Fig.  2  can  be  interpreted 
from  two  points  of  view;  namely,  a  difference  might  or  might  not  be  im¬ 
portant  and  separately  it  might  or  might  not  be  significant.  An  important 
difference  is  one  that  represents  practical  differences  in  component  perfor¬ 
mance.  The  designer  or  project  engineer  must  be  the  judge  of  whether  a  dif¬ 
ference  is  important.  A  significant  difference  is  one  that  is  larger  than 
any  difference  that  might  be  expected  from  a  chance  combination  of  small  ran¬ 
dom  errors.  The  mechanical  metallurgist  or  the  statistician  must  be  the 
Judge  of  whether  a  difference  is  significant.  Because  the  point  of  view  of 
the  designer  or  project  engineer  is  not  immediately  available,  the  data  will 
be  interpreted  from  the  point  of  view  of  differences  that  are  real  when  com¬ 
pared  with  the  random  scatter,  that  is,  differences  that  are  significant. 

The  values  obtained  from  the  NASA  1-inch  specimens  and  the 
values  obtained  from  the  NRL  3-inch  specimens  were  significantly  high,  as 
shown  by  Fig.  2.  These  two  specimens  were  qualitatively  similar  in  that  they 
did  not  possess  natural  cracks  at  the  beginning  of  the  static  test.  The  small 
NRL  specimens  did  have  a  natural  crack  at  the  start  of  the  test  and  the  SRI 
specimens  possessed  punch  and  die  shear  cracks  that,  according  to  the  results, 
served  as  well  as  natural  cracks  for  this  material.  Apparently  the  lar^e  NASA 
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specimen  was  wide  enough  to  be  sufficiently  embrittled  by  the  very  sharp 
notch,  where  as  the  NASA  small  specimen  was  not  so  embrittled  by  the  same 
radius  notch. 

The  designer  wants  to  know  irhat  errors  in  predicted  loads  result 
from  applying  the  concept  to  qualitatively  different  structures.  The 
specimens  listed  in Flg.2'represent  qualitatively  different  structures  (al¬ 
though  the  range  of  size  variation  cannot  be  considered  as  large  as  that 
which  would  occur  in  actual  engineering  structures  such  as  rocket  motor 
casings).  The  errors  of  prediction  of  critical  loads  for  the  availabe  spe¬ 
cimens  were  examined  as  follows: 

The  estimated  "true  fracture  toughness”  of  H-11  modified  at 
each  tempering  temperature  was  obtained  by  averaging  the  values  for 
those  specimens  that  seemed  to  have  natural  cracks,  namely,  the  small  NRL 
specimens  and  the  large  and  small  SRI  specimens.  The  low  crack  lengths 
observed  in  all  the  actual  specimens  were  averaged  over  several  tests  for 
particular  designs,  size  and  heat -treatment  combinations  to  represent  the  ■ 
"critical  crack  length  in  the  structure."  These  slow  crack  lengths  and  the 
estimates  of  "true  fracture  toughness"  were  then  used  in  the  equations 
to  calculate  predicted  gross  stresses  for  the  various  specimen  types.  Ratios 
of  gross  stresses  as  observed  for  each  specimen  to  the  gross  stress  predict¬ 
ed  for  the  group  of  replicates  were  then  plotted  as  a  function  of  tempering 
temperature  in  Fig.  3*  With  the  exception  of  the  large  NRL  and  small  NASA 
specimens,  the  results  for  all  the  individual  specimen  show  a  scatter  of 
not  more  than  +23  percent  and  -19  percent  about  the  desired  ratio  of  unity. 
Clearly  the  concept  has  provided  predictions  well  within  the  range  of  ex¬ 
perimental  scatter  for  these  specimens.  Excessively  high  values  were 
shown  for  the  large  NRL  and  small  NASA  specimens  in  Fig.  2.  Comparison  of 
observed  and  predicted  loads  for  the  large  NRL  specimens  showed  observed 
values  in  excess  of  predictions  from  k2  to  19^  percent.  The  ratios  of  ob¬ 
served  to  predicted  loads  for  the  small  NASA  specimens  showed  deviations 
varying  from  12  percent  to  88  percent  high. 

RESULTS  WITH  AISI  301,  70  PERCENT  COLD  REDUCED 

Results  of  testing  AISI  301  stainless  steel  supplied  as  70  per¬ 
cent  cold  reduced  sheet  are  given  in  Table  II,  and  average  values  of 
are  plotted  in  Fig.  4-.  This  work  hardened  steel  is  seen  to  vary  in  em¬ 
brittlement  with  specimen  orientation  as  shown  in  Fig.  4  by  the  lower 
values  for  tension  applied  in  the  direction  transverse  to  rolling. 

The  transverse  specimen  data  show  no  significant  differences 
among  specimen  designs  except  that  both  sizes  of  the  SRI  specimens  evidenc¬ 
ed  a  tougher  condition.  The  behavior  of  the  SRI  specimen  is  in  contrast  to 
that  oberserved  when  testing  H-11  steel.  As  was  discussed  previously,  tests 
on  H-11  showed  good  agreement  between  data  obtained  with  the  SRI  specimens 
and  the  NRL  1-inch  center  fatigue  cracked  specimen.  The  reason  for  this 
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difference  in  behavior  of  the  SRI  specimen  with  change  in  material  is  not 
known.  However,  it  should  be  noted  that  the  slow  crack  growth  ratios 
(values  of  s/sq)  in  Table  II  suggest  that  while  the  other  specimens  were 
experiencing  slow  crack  growth  during  rising  load,  the  SRI  specimens  were 
experiencing  a  stress  redistribution  making  these  specimens  less  severe 
tests  of  the  material. 

The  comnient  that  is  suggested  is  that  ease  of  fabrication  may 
make  the  SRI  specimen  particularly  efficient  in  production  control  (for 
example,  in  the  heat-to-heat  sampling  of  H-ll)  but  its  use  for  the  purpose 
of  making  absolute  measurements  of  must  first  be  validated  for  a  given 
material  by  checking  against  some  specimen  that  is  known  to  be  suitable. 

SUMMARY 


In  summary,  we  are  testing  two  types  of  specimens  that  were  re¬ 
commended  by  the  ASTM  Special  Committee  on  Fracture  Testing  of  High  Strength 
Sheet  Materials  (Ref.  3)^  together  with  a  type  of  specimen  proposed  by  Kattus 
and  Morrison  (Ref.  4).  Instances  have  been  found  in  which  some  of  the  speci¬ 
mens  with  computed  according  to  the  methods  outlined  in  reference  3  ro&y 
not  be  suitable  for  quantitative  work.  We  hope  that  the  addition  of  titanium 
alloy  data  will  enable  the  ASTM  Fracture  Testing  Committee  to  define  more 
accurately  the  specimen  types  most  suitable  for  determination. 
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TABLE  I.  -  SPECIMEN  AVERAGE  HARDNESS  VALUES,  H-11  MOD 


Triple  tempering 
temperature,  F 

900 

1000 

1075 

1100 

1125 

Number  of  specimens 

17 

17 

17 

20 

17 

Min.  Rockwell-C 

57.4 

56.3 

51.7 

49.0 

46.9 

Max.  Rockwell-C 

58.5 

57.9 

53.7 

51.2 

48.5 

Range  Rockwell-C 

1.1 

1.6 

2.0 

2.2 

1.6 
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TABLE  II.  -  SLOW  CRACK  EXTENSION,  NET  STRESS  RATIOS,  AND  CRACK  TOUGHNESS  VALUES 
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TRANSCRIBED  DISCUSSION  -  FIFTH  SESSION 


Seventh  Sagamore  Conference 


J.  F.  Watson  There  are  two  questions  I  would  like  to  ask  Mr.  Sippel 
regarding  the  bend  test.  First,  what  is  the  range  of  sheet  thickness  that 
can  be  tested  with  this  apparatus?  As  you  know,  in  steel  pressure  vessels, 
skin  gauges  may  go  down  to  .OiO  or  .012  inches,  while  in  aluminum  gauges 
may  exceed  .100  inches.  Thus  we  need  a  test  that  will  cover  at  least  this 
range  of  thickness. 

Second,  can  you,  or  have  you  applied  the  bend  test  to  welded  joints? 

When  subjecting  a  weld  joint  to  a  notched  tensile  test,  it  i^  difficult  to 
make  up  identical  seunples.  The  question  always  arises  as  to  where  to  put 
the  notchj  i.e.  in  the  weld  metal,  the  heat  effected  zone,  or  at  some  inter.v 
mediate  point.  It  seems  that  the  bend  test  would  offer  a  solution  to  this 
problem  by  offering  an  "integrated"  test  that  would  test  all  of  these  areas 
simultaneously . 

G.  R.  Sippel  In  answer  to  your  first  question  about  thickness  range, 
we  have  had  very  limited  experience  in  the  thickness  ranges  below  O.O5O 
inches.  We  have  tested  a  few  specimens  of  AM  350  and  Type  301  at  the  0.020 
inches  thickness  level  where  we  were  able  to  get  satisfactory  tests  when  the 
crack  propagation  resistance  of  the  material  was  low.  When  the  crack  pro¬ 
pagation  resistance  is  high,  these  thin  cross  sections  allow  very  high 
specimen  deflections  with  a  1  inch'-  span  and  as  a  result  we  do  not  get  sharp 
breaks  in  the  load-time  curves.  I  believe,  however,  that  by  changing  the 
span  distance  to  less  than  one  inch  we  can  get  satisfactory  results  on  thin 
samples. 

In  answer  to  the  second  part  of  your  question  concerning  the  testing 
of  welds,  we  regularly  check  welds  by  means  of  the  instrumented  bend  test. 

In  fact,  some  of  the  bend  test  parameters  which  I  showed  for  the  24  inch 
diameter  pressure  vessels  were  obtained  from  the  weld  areas  of  those  vessels 
whose  failure  origins  were  in  the  welds.  The  test  works  equally  well  for 
longitudinal  or  transverse  weld  test,  although  we  normally  use  specimens 
wherein  the  bend  axis  is  transverse  to  the  weld,  simulating  girth  welds  in 
a  vessel.  In  these  specimens,  the  fusion  zone  and  the  heat  affected  zone 
are  both  biaxially  stressed  to  the  same  degree  and  we  actually  have  an  inte¬ 
grated  type  of  test. 

A.  Hurllch  With  respect  to  Jack  Hamaker's  most  recent  pronouncements, 
I  would  say  "God  help  the  United  States  if  we  make  it  a  national  policy  to 
believe  that  by  means  of  design  and  fabrication  ingenuity  we  can  make  critic¬ 
ally  stressed  engineering  structures  out  of  brittle  materials." 
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H.  Bernstein  I  would  like  to  report  the  results  of  some  recent  en¬ 
vironmental  tests  we  made.  The  material  was  M255  which  is  used  in  the  POLARIS 
motor  cases,  also  known  as  AMSl643^.  The  yield  strength  level  was  200,000  psi, 
thickness  about  100  mils,  fracture  toughness  about  900  to  950  ipsi  (this  is 
high  toughness).  The  environments  were  air,  India  ink,  water,  water  plus  an 
inhibitor  which  is  used  in  the  hydro  tests,  and  lastly  0.1  N  hydrochloric  acid. 
Specimens  were  precracked  to  insure  that  a  natural  crack  was  present  before  the 
introduction  of  the  environment.  We  used  a  3  inch  specimen  with  a  central  notch. 
It  was  first  pulled  in  tension  until  a  natural  crack  appeared  at  the  notch  edges, 
the  load  was  then  released  and  the  environment  introduced.  We  compared  the  loads 
to  failure,  assuming  constant  toughness,  and  found  no  difference. 

One  explanation  for  the  difference  in  behavior  between  AMS16434  and  the 
Tricent  data  reported  by  Mr.  Brown  of  NASA  is  that  the  phenomenon  may  be  chemistry 
sensitive.  Tests  made  at  NRL  have  also  demonstrated  the  sensitivity  of  Tricent  to" 
environment.  The  other  factor  may  be  toughness  level.  Mr.  Brown's  data  showed 
that  the  lower  strength,  tougher  material  was  not  as  sensitive  and  I  think  this 
may  be  a  contributing  factor. 

V.  Weiss  , I  would  like  to  point  out  that  the  stress  concentration 

factors  quoted  by  Mr.  Stapleton  are  not  identical  to  the  stress  concentration 
factors  defined  by  the  ratio  of  the  maximum  stress  at  the  notch  root  divided  by 
the  average  stress  at  the  notched  section.  However,  the  correct  stress  concen¬ 
tration  factors  can  be  determined  from  the  quoted  values  of^a/p  from  Peterson's 
book. 


T.  J.  Stapleton  Rp  is  used  as  an  approximation  for  Kt  by  a  number  of 
the  airframe  companies.  A  comparison  of  this  method  with  the  "exact”  method  of 
Neuber  for  a  notch  of  arbitrary  depth  is  presented  in  the  accompanying  figure. 

The  accuracy  of  this  approximation  is  a  function  of  the  ratio  of  specimen  net 
width  to  gross  width  (  ^  )*  The  range  of  notch  geometries  included  in  the  subject 
paper  are  all  between  the  two  curves  plotted  (-^=60  and  70  percent).  For  the 
purpose  of  this  investigation,  the  a/ p  approximation  is  considered  sufficiently 
accurate . 
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R »  D ■  Lula  I  would  like  to  add  some  more  hopeful  information  to  that 

given  hy  Mr.  Hamaker.  It  appears  that  if  you  have  to  select  a  steel  based  on  the 
present  toughness  criteria^  there  is  a  limitation  in  the  usable  strength  level  of 
the  low  alloy  hardenable  steels.  However^  there  are  types  of  higher  alloyed  steels 
which  are  quite  promising  and  have  a  good  chance  to  raise  the  present  strength 
level  of  rocket  case  materials.  I  want  to  mention  two  of  them.  One  type  is  the 
20  and  25  percent  Ni  PH  steels  developed  recently  by  International  Nickel.  Though 
they  are  just  in  their  development  stage  and  the  first  production  heats  are  now 
being  made^  these  steels  are  capable  of  developing  between  250  and  300^000  psi 
yield  strength  with  good  ductility.  Another  family  of  steels  which  are  in  a  more 
advanced  stage  of  development  and  for  which  a  certain  amount  of  notch  toughness 
information  is  available,  are  the  AM  355  and  AM  357  RH  steels.  These  steels  can 
develop  strength  from  250  up  to  370,000  psi  in  the  work-hardened  condition.  These 
strengths  can  be  achieved  either  by  cold  rolling  or  by  shear  spinning.  These  work¬ 
hardening  methods  restrict  fabrication  to  the  ribbon-wrap  and  the  shear  spinning 
method  where  spinning  is  used  not  only  to  give  the  shape  but  also  to  work-harden 
the  material.  The  notch  properties  of  AM  357>  based  upon  a  limited  amount  of  in¬ 
formation,  indicate  that  this  steel  could  provide  a  good  rocket  case  material  up 
to  approximately  300,000  psi  tensile  strength. 

S.  V.  Arnold  Mr.  Brown,  I  was  rather  surprised  to  see  that  when  you  were 
comparing  these  various  candidate  notch  sheet  specimens,  you  did  so  on  the  basis 
of  various  tempering  temperatures.  Would  it  not  have  been  more  significant  to  do 
this  on  the  basis  of  various  testing  temperatures  so  that  you  would  have  a  com¬ 
parison  of  transition  curves? 

W.  F.  Brown  We  could  have  done  it  on  the  basis  of  test  temperature. 

However,  if  you  do  it  on  this  basis,  it  becomes  difficult  bo  measure  slow  crack 
extension  because  the  liquids  freeze  at  low  temperatures.  What  we  are  mainly 
interested  in  doing  is  to  provide  a  range  of  fracture  toughness  and  that  can  be 
done  either  by  varying  the  tempering  temperatures  or  it  can  be  done  by  varying 
the  testing  temperature.  If  the  testing  temperature  is  varied,  then  the  ink 
staining  can  not  be  used  to  determine  slow  crack  extension. 

S.  V.  Arnold  This  points  out,  with  certain  exceptions,  what  seems  to 
be  a  shortcoming  of  current  notch,  sheet  tensile  testing  practice;  namely,  you 
do  not  explore  the  temperature  variable.  I  think  It  is  an  important  variable 
and  that  is  one  reason  why  we  at  Watertown  are  sticking  with  the  dynamic  test 
which,  although  it  is  not  so  readily  interpretable  for  design  purposes,  does 
explore  the  temperature  variable  rather  simply. 

W.  F.  Brown  That  comment  neglects  the  work  done  by  John  Srawley.  He 

is  doing  a  very  thorough  Job  of  exploring  the  temperature  variable  and  other 
people  do  this  too.  Tbere  Is  no  reason  why  you  cannot  use  tensile  specimens 
for  that  purpose  If  we  are  going  to  do  a  thorough  job,  at  very  low  temper¬ 
atures  down  to  that  of  liquid  hydrogen,  then  we  should  develope  means  for 
measuring  slow  crack  growth  when  the  specimen  is  immersed  in  cold  liquid.  This 
is  not  an  easy  Job  to  do  but  I  think  it  is  a  problem  that  has  to  be  attacked. 
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B.  M.  Wundt 


_  This  shear-cracked  specimen  test  is  of  interest  and 

I  would  like  to  make  a  comment.  Fig.  3  of  the  paper  indicates  that  the  tran¬ 
sition  temperature  was  minus  100  or  minus  150  F.  I  also  assume  that  the 
shear  crack  is  produced  at  room  temperature. 

W.  F.  Brown  For  tests  used  in  the  NASA-NRL  cooperative  program  the 

punching  was  performed  at  room  temperature  with  the  metal  in  a  soft  condition. 

B.  M.  Wundt  That  means  that  the  crack  has  a  fibrous  teat  at  the  end 

of  the  crack  and  the  operation  of  punching  may  include  hot  pre-stressing. 

This  may  result  in.  strengthening  when  tested  at  temperatures  below,  room  temper¬ 
atures.  I  suggest  therefore,  that  the  specimen  be  shear-cracked  at  temper¬ 
atures  below  the  transition  temperature.  This  will  result  in  a  crack  which 
has  cleavage  characteristics  and  which  will  be  much  easier  to  Initiate.  Such 
specimens  may  result  in  considerably  lower  notch-strength  values  and  in  lower 
stress  Intensity  coefficients. 

W.  F.  Brown  Let  me  make  one  comment,  before  you  go  further.  The 

specimens  of  H-11  steel  were  prepared  for  us  by  the  Southern  Research  Institute 
and  they  were,  as  you  say,  punched  at  room  temperature.  However,  the  results 
from  these  specimens,  if  I  recall  correctly,  agreed  quite  well  with  the  natural 
fatigue  crack  specimens  that  were  produced  by  John  Srawley.  So,  for  that 
particular  alloy  I  do  not  think  that  shear  cracking  at  low  temperature  is  ne¬ 
cessary.  Perhaps  a  natural  cleavage  crack  was  present  at  the  tips  of  the 
punched  notch.  When  these  specimens  were  tested,  pings  were  heard  at  very 
low  loads.  We  would  guess  therefore,  that  the  cold -worked  area  at  the  notch 
tip  may  result  in  the  extension  of  a  crack  early  in  the  test.  In  type  301, 

70  percent  cold-reduced  material,  the  shear  cracked  specimen  did  not  provide 
embrittlement  because  of  the  dimpling  mentioned  by  Mr.  Holms.  Shear  cracking 
at  low  temperature  probably  would  not  have  eliminated  this  difficulty.  Your 
suggestion  may  be  a  good  one  in  some  cases,  however,  the  data  available  do 
not  indicate  where  it  would  be  of  benefit. 

F.  Richmond  I  think  the  standardization  of  specimen  design  dis¬ 

cussed  this  afternoon  has  been  very  good.  Something  has  to  be  done  to 
straighten  out  this  system  of  testing.  What  bothers  me  is  that  all  the  em¬ 
phasis  is  on  the  design  of  specimens  and  types  of  testing,  but  there  does  not 
seem  to  be  much  emphasis  on  the  preparation  of  specimens  or  the  sequence  of 
machining  and  heat  treating.  I  realize  that  ASTM  has  recommended  that  machin¬ 
ing  be  done  prior  to  heat  treatment.  If,  what  Pratt  &  Whitney  has  found  about 
decarburization  is  so,  this  could  cause  a  terrific  amount  of  variation,  even 
though  you  standardize  specimen  geometry  and  test  procedures. 

W.  F.  Brown  What  you  say  is  partly  true.  The  specimen  used  to 

test  a  given  material  had  better  represent  that  material  which  is  put  into 
the  structure,  and  if  the  structure  is  decarbed,  the  specimen  should  be  de- 
carbed  in  a  similar  manner.  However,  we  use  the  notch  test  as  a  tool  for  in¬ 
vestigating  factors  that  influence  the  embrittlement  such  as  tempering  temper¬ 
ature  and  alloy  composition.  Since  we  do  not  want  to  introduce  any  extraneous 
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variables,  we  make  sure  that  decarb  is  absent.  The  sheet  we  obtain  is  not 
decarbed  and  we  do  not  decarb  the  specimens  when  we  heat  treat  them.  The 
^STM  committee  recommended  machining  before  heat  treatment  mainly  because 
it  is  much  easier  to  produce  sharp  notches  in  soft  metal.  A  notch  radius 
of  less  than  .001  inches  can  be  produced  by  grinding  in  very  hard  material 
but  this  is  more  difficult  smd  introduces  the  possible  effect  of  grinding 
stresses.  Df  course,  it  should  be  remembered  that  fatigue  cracks  can  be 
produced  in  very  hard  specimens  usin^g  "Eloxed”  crack  starters  as  done  by 
John  Srawley.  Now  we  will  go  back  to  the  question  of  machining  before  or 
after  heat  treatment.  We  have  made  a  few  tests  which  indicate  that  it  does 
not  make  any  difference  whether  the  machining  is  done  before  or  after  not¬ 
ching.  John  Srawley  has  similar  information  for  X200  steel  which  appears 
in  the  report  of  the  ASTM  Fracture  Committee..  I  do  not  want  to  imply  that 
we  should  forget  this  variable,  but  the  little  information  that  we  do  have 
does  not  give  cause  to  worry.  De carburization  could  be  investigated  rather 
easily  by  machining  prior  to  heat  treating  and  heat  treating  in  different 
types  of  atmospheres  to  produce  different  depths  of  decarburization. 

F.  R.  Larson  I  would  like  to  make  a  few  comments  about  the  various 

specimen  designs  and  some  results  that  have  been  known  for  quite  a  while 
about  general  metallic  materials.  Contrary  to  what  the  "plasticians"  would 
like  to  think,  these  metallic  materials  are  not  isotropic.  We  should  not 
hope  to  make  exact  correlation  between  specimens  of  different  design.  This 
cannot  be  done  because  of  the  introduction  of  different  stress  systems  in¬ 
to  the  material  where  the  fracture  zone  is  occurring.  You  can  through  some 
little  mental  gyrations,  show  quite  a  marked  difference  between  two  very 
similar  specimens,  the  edge  crack  and  the  center  crack  specimens.  All  you 
have  to  do  is  think  about  the  normal  anisotropy  which  I  illustrated  in  the 
titanium  materials  and  you  will  see  very  quickly  that  there  is  quite  a  bit 
of  difference  here.  Now  where  does  that  leave  us?  If  we  cannot  think  a- 
bout  our  materials  as  being  Isotropic  and  we  have  laboratory  testing  such 
as  screening  tests  or  fracture  toughness  measurements,  then  I  think  we  still 
have  to  go  back  to  the  old  story,  make  the  hardware  and  try  it. 

W.  F.  Brown  I  do  not  understand  your  argument,  specifically  as 

applied  to  these  sheet  specimens  where  edge  notches  or  central  cracks  go 
all  the  way  through  the  sheet.  Would  you  care  to  explain  that  a  little 
more  thoroughly? 

F.  R. . Larson  I  think  possibly  that  one  of  the  reasons  why  we 

have  not  run  into  too  much  trouble  along  these  lines  to  date  is  because  the 
anisotropy  in  the  steel  material  is  usually  small  and  it  is  weaker  in  the 
thickness  direction  than  it  is  in  the  width  direction.  My  remarks  will  be 
clarified  by  a  simple  little  illustration.  I  would  like  to  emphasize  the 
exact  opposite  case  where  the  material  is  stronger  in  the  thickness  direct¬ 
ion  than  in  the  width  direction.  Now,  if  you  compare  the  edge  notch  and 
the  center  notch  specimen  you  see  that  the  plastic  zone  that  develops  in 
the  general  yielding  case  is  a  shear  band  of  a  configuration  as  illustrated 
in  figure  1. 
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(a)  CENTER  NOTCHED 


(b)  EDGE  NOTCHED 


Figure  1.  Front  View  of  Edge  and  Center 
Notched  Sheet  Tension  Specimens 
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In  the  edge  notch  case^  the  strengthening  effect  due  to  the  opposing 
stresses  at  the  centerline  of  the  specimen  is  such  that  yru  can  develop, 
if  the  anisotropy  is  very  strong,  a  strengthening  effect  much  like  you 
could  in  cylindrical  bar  because  you  force  your  plastic  flow  up  in  area 
"A"  and  possibly  penetrate  up  through  the  entire  section.  You  could  con¬ 
ceivably,  if  the  anisotropic  behavior  of  the  material  was  extreme,  reach 
the  notch  strengthening  effects  for  a  cylindrical  bar.  That  is  just  one 
example  where  two  very  similar  specimens  can  give  quite  widely  different 
results . 


W.  F.  Brown  Well  I  think  for  a  long  time  to  come  we  will  prob¬ 
ably  have  steel  sheets  which  are  weaker  in  the  thickness  direction.  There¬ 

fore,  your  argument  will  not  apply. 

F.  R.  Larson  I  do  not  think  we  ought  to  have  them,  though. 

W.  F.  Brown  No  we  ought  not  to,  but  I  think  this  is  inherent 

in  the  rolling  process.  The  more  reduction,  probably  the  worse  it  is. 

K.  S.  Grewal  Prestraining  in  torsion  greatly  reduces  both  duct¬ 

ility  and  fracture  stress  in  tension  (l,  2).  Effects  of  such  prestraining 
persists  even  after  annealing.  Thus,  the  production  of  a  crack  by  shearing 
would  greatly  reduce  the  tensile  ductility  and  fracture  stress  in  the  vicin¬ 
ity  of  the  crack  tip.  This  might  be  beneficial  in  the  study  of  fracture 
toughness  (3)-  On  the  other  hand,  since  the  effect  of  local  prestraining 
in  shear  will  vary  with  different  alloys  and  with  sheet  thickness  for  the 
same  alloy,  notch  strength  data  obtained  with  this  test  are  not  likely  to 
be  as  consistent  as  those  obtained  with  fatigue  cracked  specimens  or  ma¬ 
chined  edge-notched  specimens.* 

C.  Hartbower  Mr.  Brown,  with  regard  to  Mr.  Arnold's  question,  I 

believe  that  Mr.  Arnold's  point  was  that  it  is  important  to  test  over  a 
range  of  temperatures  and  I  am  sure  he  did  not  mean  to  imply  that  no  one 
is  doing  this  with  a  tensile  test.  We  know  that  people  are  doing  it,  but 
the  point  is  that  it  is  much  easier  and  much  more  economical  with  the 
Charpy  test.  For  screening  purposes,  the  Charpy  test  lends  itself  to  test¬ 
ing  over  a  range  of  temperatures,  whereas  the  tensile  test  is  more  difficult 
and  much  more  expensive  to  run  as  soon  as  you  get  away  from  room  temperature. 


*  Reference 

1.  H.  W.  Swift,  Tensional  Effects  of  Torsional  Overstrain  in  Mild  Steel, 
J.  Iron  and  Steel  Inst.  Vol.  l4o  (1939)  P-  l8l 

2.  W.A.  Backofen  and  B.  B.  Hundy,  Mechanical  Anisotropy  in  Some  Ductile 
Metals,  J.Inst.  Metals,  Vol.  8l  (1952-53)  P-  433 

3.  D.  L.  Newhouse  and  B.  M.  Wundt,  A  New  Fracture  Test  for  Alloy  Steels, 
Metal  Progress,  Vol.  78  (i960)  p.  8l 


J.  E.  Sravley  Since  we  do  a  lot  of  tensile  testing  over  a  range  of 
temperatures,  I  guess,  I  should  comment.  It  is  undoubtedly  easier  to  break 
a  Charpy  specimen  at  low  or  high  temperature  than  it  is  to  break  a  tensile 
specimen.  The  same  applies  to  room  temperature,  it  is  easier  to  break  a 
Charpy  specimen  at  room  temperatures  than  a  tensile  specimen.  Charpy  is  just 
not  such  an  elaborate  test  as  the  tensile  test.  But  I  think  you  are  exagger¬ 
ating  a  little  bit  about  the  difficulties  of  making  tensile  tests,  crack  pro¬ 
pagation  or  regular  tests,  at  high  or  low  temperatures.  We  find  it  no  problem, 
we  control  the  temperatures  within  plus  or  minus  2  F.  One  operator  can  run 
anywhere  from  8  to  l6  or  20  tests  a  day  which  I  think  is  pretty  good  going, 
although  it  is  not  nearly  the  rate  at  which  you  can  test  Charpy  specimens. 

We  think  we  get  more  information  from  tensile  testing;  by  tensile  I  mean 
both  standard  tensile  testing  and  crack  propagation  testing.  I  think  it  is 
a  good  thing  that  you  and  I  do  these  two  different  kinds  of  tests,  we  get 
both  kinds  of  Information,  and  we  might  one  day  be  able  to  understand  what 
they  both  mean.  While  I  am  on  my  feet  I  might  make  one  more  comment  directed 
at  Mr.  Brown.  Again  about  the  question  of  difficulty,  I  do  not  think  it  is 
so  much  more  difficult  to  prepare  a  fatigue  notched  specimen  than  it  is  to 
prepare  a  specimen  which  has  a  very  sharp  machined  notch.  In  fact  I  would 
think  the  costs  were  somewhat  comparable.  However,  I  fully  realize,  that 
nobody  is  going  to  write  specifications  involving  fatigue  cracked  specimens. 

So  that  it  is  inevitable  that  we  will  be  using  machined  notches  in  specific¬ 
ation  tests.  But  I  would  not  like  people  who  might  want  to  use  fatigue 
cracked  specimens,  or  corrosion  cracked  specimens  for  that  matter,  to  be 
discouraged  by  the  idea  that  it  is  so  very  difficult.  Our  fatigue  cracked 
specimens  are  fatigue  cracked  by  a  foundry  molder.  He  is  about  60  years 
old  and  wears  glasses.  He  does  a  wonderful  job  although  he  has  not  been 
doing  it  for  very  long. 

C.  Hartbower  I  agree  that  fatiguing  is  quite  feasible.  We  are 
now  fatigue  cracking  Charpy  specimens  which  permits  us  to  do  away  with  the 
tapered  notch  (illustrated  by  Mr.  Brothers).  The  tapered  notch  was  adopt¬ 
ed  as  a  matter  of  expediency  because  when  we  tried  to  produce  a  natural  crack 
under  the  standard  .010  inch  Charpy  V-notch  by  a  low  energy  blow,  tbe  crack 
tended  to  be  skewed  so  that  special  notching  was  necessary.  But  in  the  last 
few  weeks  we  have  been  fatiguing  cracks  at  the  base  of  the  standard  Charpy 
V-notch.  We  found  a  fatigue  machine  in  the  test  laboratory  that  was  not  be¬ 
ing  used  too  much.  With  instrumentation,  designed  by  Mr.  Orner,  the  fatigue 
machine  is  shut  off  automatically  when  the  crack  get  to  a  predetermined 
depth.  We  believe  that  we  can  now  easily  produce  controlled  reproducible 
fatigue  cracks  at  the  base  of  standard  Charpy  V-notches  in  high-strength 
sheet  materials . 

W.  F.  Brown  I  would  like  to  make  a  comment  on  both  those  comments. 

I  think  it  is  really  useless  to  pursue  the  argument  much  longer.  I  have  no 
objection  to  fatigue  cracks,  they  are  natural  cracks  and  that  is  what  we  are 
trying  to  simulate.  The  only  advantage  the  edge-notch  has  is  that  some 
people  may  not  have  the  necessary  fatigue  equipment. 
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J .  Goodman 


_  This  is  in  connection  with  burst  test  of  miniature  pres¬ 
sure  vessels  by  STL.  Instrumented  bend  tests  were  conducted  on  coupons  heat 
treated  with  the  vessels.  These  test  results  show  a  sensitivity  to  process 
history^  for  the  coupons  were  made  from  machined  tubes,  split  and  flattened, 
with  an  ej^ra  anneal.  According  to  Dean  Hanink  these  results  are  therefore 
too  low.  For  the  sake  of  argument,  however,  we  would  like  to  point  out  that 
the  trend  is  definitely  down  with  decreasing  tempering  temperatures,  while  burst 
tests,  as  shown  in  the  slide,  obviously  increase  with  lower  tempering  temperatures. 
There  are  no  premature  failures  or  evidence  of  unreliability  even  in  the  320,000 
psi  UTS  range.  Question:  Even  if  the  I.B.T.  data  shown  were  displaced  down  by 
the  coupon  treatment,  does  this  not  indicate  an  inverse  correlation  with  burst 
strength? 

G.,  R.  Sippel  The  Instrumented  bend  test  parameter,  like  all  crack  prop¬ 

agation  resistance  parameters,  shows  an  inverse  correlation  with  strength  as 
shown  in  Figure  1  of  my  paper.  As  the  strength  of  a  material  increases,  the 
crack  propagation  resistance  decreases,  and  therefore  the  data  which  you  have 
presented,  showing  a  decrease  of  bend  test  parameter  with  decreasing  tempering 
temperature  (increasing  strength),  is  exactly  what  is  expected. 

You  show  an  increase  in  burst  strength  of  the  2  inch  diameter  D6  vessels 
with  decreasing  tempering  temperature  (increasing  strength),  without  premature 
failures  and  this  is  perfectly  in  agreement  wl.th  the  data  and  method  for 
evaluation  of  rocket  motor  case  materials  and  processes  presented  in  my  paper. 

It  has  been  shown  that  the  biaxial  yield  and  burst  strength  of  a  pres¬ 
sure  vessel  is  governed  by  the  uniaxial  tensile  yield  and  ultimate  strengths 
as  long  as  the  crack  propagation  resistance  is  above  a  certain  value.  Below 
this  value  the  pressure  vessel  behavior  is  unreliable  and  premature  failures 
may  occur,  while  at  the  same  time  there  is  also  some  statistical  probability 
that  the  biaxial  behavior  will  still  be  governed  by  the  uniaxial  properties. 

This  value  of  the  lower  limit  of  crack  propagation  resistance  is  dependent  on 
a  number  of  factors  including  pressure  vessel  design,  fabrication  procedure, 
inspection  and  quality  control  levels.  The  lower  limit  of  crack  propagation 
resistance  will  be  lowered  as  these  factors  are  improved  through  experience 
and  improvement  in  the  state  of  the  art. 

In  the  case  of  your  2  inch  diameter  pressure  vessel  tests,  premature 
failures  were  not  observed  even  at  very  low  levels  of  crack  propagation  re¬ 
sistance  due  to  the  fact  that  your  miniature  vessel  approaches  an  "ideal" 
vessel  in  that  there  are  no  welds,  the  geometry  is  very  simple  and  easy  to 
accurately  fabricate  and  Inspect.  These  factors  reduce  the  lower  limit  of 
crack  propagation  resistance  for  your  particular  vessel  to  a  very  low  value. 

If  a  weld  were  added  to  your  cylindrical  section,  the  lower  limit  of  crack 
propagation  resistance  would  undoubtedly  increase  to  some  higher  value. 


V-170 


3IXTH  SESSION 


")fechanlcal  Model  Testing" 


Paper  Presented  at 
7th  Sagamore  Ordnance  Materials 
Uesearch  Conference i  iiaquette  Lake, 
New  York  12-19  August  1960 


"MliCILVNICAL  MODEL  TESTING" 

By  *A.  Hurlich* 


The  Sixth  Session  of  this  Conference  is  concerned  with  the 
validity,  usefulness,  and  limitations  of  model  testing.  It  is 
obvious  that  the  very  high  costs  of  fabricating  and  testing  full 
scale  missile  propellant  tanks,  rocket  motor  cases,  and  other  large 
thin-walled  pressure  vessels  prohibit  the  extensive  testing  of  full 
scale  components.  Although  some  full  scale  testing  is  always  con¬ 
ducted  to  establish  the  performance  characteristics,  reliability, 
fatigue  resistance,  or  other  behavior  of  finished  products,  full 
scale  testing  is  generally  uneconomical  and  often  impossible  to 
consider  when  evaluating  and  selecting  among  candidate  materials, 
processing,  and  fabrication  techniques  prior  to  establishing  the 
final  design  and  production  procedures  to  be  used  for  the  end  items. 

The  uneconomical  aspects  of  full  scale  testing  is  especially 
pertinent  at  this  time  when  a  large  number  of  recently  developed 
materials  and  novel  production  methods  are  clamoring  for  attention 
and  evaluation.  New  titanium  alloys,  high  strength  steels  of  .the 
martensitic,  cold  worked  and  heat  treated  austenitic  and  semi- 
austenitic  types,  metallic  wire,  glass  filament,  and  plastic  laminate 
materials  are  all  being  considered  for  application  in  -large  light¬ 
weight,  thin-skinned  pressure  vessels.  Also,  a  large  variety  of 
welding  processes;  forging,  roll , -spin, -and  exjilosion-f orming  tech¬ 
niques;  sprial  wrapping  of  thin  strip  and  bonding  by  means  of 
adhesives,  spot-welding,  and  brazing;  wire  and  non-metallic  fila¬ 
ment  winding  and  plastic  adhesive  bonding  and  many  other  fabrication 
procedures  have  specific  economic,  weight,  ease  of  fabrication,  and 
other  advantages  and  merit  serious  consideration  for  application  to 
present  and  future  rocket,  missile,  and  space-craft  design. 

With  this  super  abundance  of  materials  and  fabrication  processes 
requiring  evaluation,  model  testing,  whenever  applicable,  permits 
rapid  and  relatively  inexpensive  assessments  to  be  made.  Obviously, 
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model  testing  is  most  valuable  when  it  yields  quantitative  data  compare 
able  to  that  obtained  from  the  test  of  full  scale  components.  Less 
valuable,  but  quite  significant  data  can  be  obtained  from  scale  model 
testing  when  deformation  and  fracture  mechanisms  and  phenomena  reproduce 
those  obtained  from  full  scale  testing.  It  is  very  important  that  the 
experimenter  determines,  in  advance  of  testing,  whether  or  not  the  type 
and  conditions  of  testing  permit  scale  model  structures  to  behave  exactly 
as  the  full  scale  structures  would  under  similar  test  conditions. 

This  point  is  well  illustrated  by  the  results  of  a  series  of  tests 
which  were  performed  by  the  Convair-Astronautics  Division  several  years 
ago  during  the  development  of  the  Atlas  missile.  The  Atlas  is  character- 
ized  by  the  fact  that  its  propellant  tanka  are  large,  thin-skinned 
monocoque  vessels  with  no  internal  or  external  supporting  trusses, 
longerons,  or  other  reinforcing  structure.  As  a  result  of  internal 
pneumatic  pressurization,  the  tank  skins  are  maintained  under  uniform 
tension  stresses  and  are  rigid  enough  to  support  heavy  loads  and  with¬ 
stand  large  bending  forces  without  becoming  unstable. 

Inasmuch  as  after  assembly,  and  during  transport,  storage,  and 
erection  of  the  missile,  it  is  necessary  to  maintain  internal  pressuriz¬ 
ation  at  all  times  to  keep  the  tanks  rigid  and  unwrinkled,  the  question 
arose  as  to  the  damage  which  might  be  sustained  by  the  missile  and  the 
hazard  to  personnel  caused  by  an  accidental  puncture  of  the  tank  skins 
such  as  might  result  from  a  bullet  or  other  high  speed  penetrating  object. 

To  develop  a  feel  for  this  problem,  small  24"  diameter  tanks  3  feet 
in  length  were  fabricated  from  the  same  sheet  material  which  is  employed 
for  the  missile  and  these  tanks  were  internally  pressurized  to  develop  a 
range  of  skin  stresses.  Caliber  .22  bullets  were  fired  into  the  tanks 
to  observe  the  effect  of  the  level  of  internal  pressurization  and  skin 
stresses  upon  their  fracture  behavior.  At  low  stress  levels,  the  tank 
skins  were  simply  punctured,  with  a  small  hole  developed  which  could  be 
readily  repaired  by  a  patch  seam  and  spot  welded  over  the  hole.  When, 
however,  the  wall  stress  exceeded  approximately  20^  of  the  ultimate 
tensile  strength  of  the  material,  the  tanks  failed  with  explosive 
violence;  the  skin  rupturing  into  fragments  which  were  hurled  for  some 
distance  from  the  tank  location. 

Following  these  scale  model  tests,  a  12  foot  diameter  tank,  75  feet 
in  lenght  was  fabricated  from  the  same  sheet  material  and  was  fired  at 
with  caliber  .22  bullets.  Initially,  the  tank  was  pressurized  to  low 
stress  levels  unci  tlien  the  pressure  raised  for  subsequent  tests.  At  low 
pressures,  t]ic  tank  was  again  simply  punctured  and  each  puncture  was 
repaired  by  a  small  readily  applied  patch.  When  the  pressure  was  raised 
to  the  point  where  tlic  skin  stresses  again  exceeded  approximately  20%  of 
the  tensile  strenght  of  the  material,  the  large  tank  failed  catastrophic- 
ally,  with  pieces  thrown  for  great  distances  and  with  massive  fracture 
and  failure  of  the  tank.  The  results  of  these  tests  are  shown  in  Table  1 
and  indicate  the  excellent  correlation  obtained  between  the  results  of 
scale  model  and  full  scale  tests  when  the  factors  being  investigated  were 
fracture  phenomena  and  crack  propagation. 
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It  was  interesting  to  note  that  while  explosive  rupture 
occurred  at  a  wall  stress  level  of  20}^  of  the  tensile  strength 
under  bullet  impact,  it  required  a  stress  level  of  50^  of  ultimate 
to  cause  explosive  rupture  when  a  chisel  with  a  sharp  cutting  edge 
was  forced  into  the  tank.  When  a  blunt  piercing  tool  (Phillips- 
head  screw  driver)  was  forced  into  the  tank  no  explosive  rupture 
occurred  at  stresses  up  to  of  the  ultimate  tensile  strength, 

only  simple  puncture  resulted. 

Inasmuch  as  the  bullets,  chisel,  and  Phillip-head  screw 
driver  each  produced  cracks  of  different  lenghts,  it  was  possible 
to  determine  critical  crack  lengths  for  catastrophic  tank  failure 
as  a  function  of  internal  pressure  and  wall  stress  in  the  24" 
diameter  tanks.  Because  of  the  exact  correlation  developed  between 
the  scale  model  and  full  scale  tanks,  it  was  possible  to  calculate 
the  critical  crack  lengths  for  total  failure  of  the  large  tanks 
for  various  levels  of  internal  pressurization.  An  accident  which 
occurred  with  an  R  &  D  missile  at  a  test  base  completely  confirmed 
these  calculations. 

In  the  tests  described  above,  the  24"  diameter  tanks,  while 
having  thin  side  wall  sections,  were  fitted  with  heavy  flat  plates 
bolted  into  the  ends  to  form  pressure  tight  vessels.  The  large 
tank,  on  the  other  hand,  had  thin  formed  sheet  bulkheads  welded 
to  the  side  wall  sections.  Since  the  bullets  were  fired  at  the 
side  Walls  and  failure  initiated  at  the  bullet  penetrations,  the 
fracture  phenomena  were  not  affected  by  the  differences  in  end 
attachments  and  relative  rigidities,  and  both  types  of  tanks 
behaved  identically  under  this  test  condition. 

Cyclic  fatigue  tests  were  also  performed  on  the  smae  type  of 
24"  diameter  tanks  and  on  large  10  foot  diameter  tanks,  with 
stresses  applied  by  almost  filling  the  tanks  with  water  and  then 
applying  cyclic  loads  with  air  pressurization.  This  time,  the 
scale  model  tank  tests  failed  dismally  to  reproduce  the  results  of 
the  full  scale  tests.  Because  of  the  rigidity  of  the  end  attach¬ 
ments,  much  higher  stresses  were  developed  in  the  24"  diameter 
tanks  at  the  joint  between  the  end  plates  and  the  side  wall  section, 
leading  to  failure  developing  in  this  location  in  as  few  as  60 
cycles  when  the  stress  levels  alternated  between  0  and  QOjt  of  the 
material's  yield  strength.  The  greater  flexibility  of  the  bulkhead- 
to-side  wall  joint  in  the  10  foot  diameter  tanka  permitted  much 
more  uniform  stress  distribution  in  this  critical  region  and  the 
development  of  much  superior  fatigue  resistance;  the  large  tanks 
withstanding  up  to  1500-1800  cycles  of  stress  before  failure 
occurred. 

Thus,  one  must  be  careful  when  designing  scale  model  testa  to 
insure  that  differences  in  stress  discontinuities,  relative 
rigidities,  and  other  factors  do  not  intervene  to  render  scale  model 
meaningless. 

While  evaluating  the  fatigue  characteristics  of  large,  thin 
skinned  welded  tanks  of  the  type  employee  in  the  Atlas  missile, 
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it  has  been  found  possible  to  develop  four  inch  wide  axially  loaded 
welded  joint  specimens  which  reasonably  well  reproduce  the  fatigue 
behavior  of  the  large  tanks  both  qualitatively  and  quantitatively. 

This  specimen  is  shown  in  Figure  1,  and  incorporates  the  same  weld 
joint  as  the  vertical  splice  joint  in  the  Atlas  missile;  namely,  an 
inert  gas  tungsten  arc  butt  weld,  with  the  weld  roll  planished  flat 
and  the  joint  reinforced  with  a  4”  wide  doubler  sheet  of  the  same  thick¬ 
ness  as  the  base  metal  resistance  spot  welded  with  staggered  rows  of 
spots  on  each  side  of  the  butt  weld. 

The  results  of  ambient  temperature  fatigue  tests  on  both  the  axially 
loaded  4"  wide  specimen  and  full  scale  10'  diameter  tanks  are  shown  in 
Table  2  and  demonstrate  the  usefulness  of  the  fatigue  test  specimen  in 
assessing  and  predicting  the  fatigue  resistance  of  the  large  tanks.  The 
cost  of  fabricating  and  fatigue  testing  the  full  scale  tanks  ran  into 
tens  of  thousands  of  dollars,  especially  when  test  were  performed  at 
-320*P  by  filling  the  tanks  with  liquid  nitrogen  and  cyclically  pressuriz¬ 
ing  them  with  helium  gas.  In  all  cases,  fracture  of  both  the  specimens 
and  the  tanka  occurred  in  the  same  location,  starting  at  the  outer  row 
of  spot  welds  at  the  heat  affected  zones  and  progressing  from  spot  weld 
to  spot  weld. 

The  fatigue  resistance  of  both  the  specimens  and  the  tanks  increased 
significantly  at  -320^F  as  compared  to  ambient  temperature  tests  since 
the  strength  of  the  base  metal  and  the  welded  joints  increased  consider¬ 
ably  at  the  sub-zero  temperature  while  the  fatigue  stress  level  remained 
constant.  The  low  temperature  fatigue  tests  were  therefore  performed  at 
stresses  representing  a  lower  percentage  of  yield  and  tensile  strength, 
and  the  fatigue  life  increased  by  thousands  of  cycles.  At  the  low 
testing  temperatures,  the  results  of  specimen  and  tank  fatigue  tests  were 
still  as  comparable  as  they  were  at  room  temperature. 

It  should  be  pointed  out  that  photostress  techniques  were  employed 
during  the  development  of  the  4"  wide  axially  loaded  weld  joint  specimen 
to  insure  that  the  stress  distribution  across  of  width  of  the  specimen 
uniform  and  comparable  to  that  across  the  similar  weld  joint  in  the  full- 
scale  tank.  Again,  it  cannot  be  overemphasized  that  the  model  test  must 
duplicate  the  full  scale  stress  distribution  and  test  conditions  to  yield 
comparable  results. 

The  above  fatigue  test  specimen  has  been  successfully  employed  to 
evaluate  the  behavior  of  a  large  number  of  candidate  high  strength  steel 
and  titanium  sheet  alloys  at  temperatures  down  to  -423®P  (liquid 
hydrogen).  The  outdoor  fatigue  test  facility  and  chambers  for  testing 
specimens  at  liquid  nitrogen  and  liquid  hydrogen  temperatures  are  shown 
in  Figures  2  and  3.  The  specimens  are  pin  loaded  and  are  stressed  by 
means  of  load  cells  at  a  rate  of  6  stress  cycles  per  minute  in  tension, 
from  0  or  any  predetermined  tensile  stress  to  a  higher  tensile  stress. 

While  this  test  is  not  strictly  classifiable  as  a  model  test,  it 
dees  indicate  how  an  element  of  a  full  scale  test  can  be  broken  down  to 
a  relatively  inexpensive  small  size  test  specimen  and  used  to  screen 
materials  and  investigate  weld  joint  designs  and  welding  procedures  in  a 
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much  more  simple  and  much  less  costly  manner  than  is  possible  in 
full  scale  testing. 

There  are  many  features  of  full  scale  pressure  vessels  which 
cannot  he  reproduced  in  model  structures.  If  a  full  scale  6  to 
10  foot  diameter  vessel  has  a  wall  thickness  of  0,025"  to  0,050" > 
it  would  be  necessary  to  employ  practically  foil  gauges  in  scale 
model  vessels.  Such  thin  gauge  materials  may  prove  impossible  to 
procure  in  some  alloys  or  may  be  excessively  difficult  to  handle  $ 
welds  or  otherwise  process  into  the  finished  product. 

In  additions  resorting  to  very  thin  gauges  in  model  structures 
will  change  the  stiffness  characteristics,  particularly  at  joints 
and  discontinuities,  and  therefore  produce  stress  fields  different 
from  those  encountered  in  full  scale  vessels. 

In  scale  model  fabrication,  it  is  feasible  to  hold  dimensions 
to  very  close  tolerances.  A  12"  diameter  bulkhead  or  cylinder  can 
be  made  to  +  0.001",  but  this  would  be  well-nigh  impossible  in  a 
10  foot  diameter  vessel.  Dimensional  variations  in  large  structures 
may  lead  to  eccentricities  in  stress  distribution  and  premature 
failure  in  large  structures  as  compared  to  small  models.  Explosive 
forming  of  small  bulkheads  poses  no  serious  problems;  the  appli¬ 
cation  of  this  same  technique  to  6  to  10  foot  diameter  components 
may  involve  lengthy  and  costly  development  programs. 

The  papers  which  follow  will  present  the  pros  and  cons  of 
model  testing  as  experienced  by  a  number  of  companies  and  research 
facilities  which  have  had  extensive  experience  in  both  scale 
model  and  full  scale  pressure  vessel  testing. 
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Fig.  1  4"  Wide  Welded  Joint  Specimen  Employed  in  Tensile  And 

Fatigue  Tests  to  Evaluate  Full  Scale  Tank  Performance 
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Fig.  3 


Cryogenic  Chambers  And  Load  Cells  For  Fatigue  Testing 
of  Welded  Joint  Specimens 
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HYDRODYNAMIC  TESTING  OF  TIIIN-WALLED  CYLINDERS 


K.  H.  ABBOTT 

Watertown  Arsenal  Laboratories 


Introduction 


Watertown  Arsenal  has  a  long  history  of  research,  development,  .and 
manufacture  of  heavy  gun  barrels.  As  a  part  of  the  research  and 
development  effort,  a  hi^  pressure  hydraulic  facility  was  installed  in 
the  Laboratory  during  World  War  IT  for  research  on  autofrettage  of  gun 
barrels.  The  facilits’-  includes  high-press\ire  pun^JS,  intensifiers, 
accumulators,  and  piping  capable  of  generating  and  transporting 
hydraulic  pressures  of  up  to  200,000  psi.  Approximately  two  years  ago. 
Laboratory  personnel  developed  a  pneumatic  operated  high-speed  valve 
which  can  transfer  hydraulic  pressure  from  one  line  to  another  very 
rapidly.  Since  many  Ordnance  coriponents  are  subjected  to  rapid  rates 
of  loading  in  service,  and  since  weight  minimization  programs  in 
Ordnance  have  led  to  fabrication  of  very  thin-walled  conqjonents, 
attempts  have  recently  been  made  to  utilize  the  high-pr-ssure  equipment 
for  dynamic  loading  of  test  specimens  and  components.  This  brief  report 
covers  some  of  the  initial  tests  i^erformed  to  demonstrate  the  feasibility 
and  characteristics  of  the  apparatus. 

Pi^liminary  Test  Results 

A  schen^tic  sketch  of  a  general  equipment  arrangement  used  to  test 
thin-walled  cylindrical  conqsonents  is  contained  in  Figure  1.  Here  the 
hydraulic  fluid  is  punped  frora  the  reservoir  to  the  intensifier  with  a 
bleed  line  through  a  pneumatic  valve  back  to  the  reservoir.  The  fluid 
then  passes  through  another  pneumatic  valve  and  thi'ough  the  high-speed 
transfer  valve  to  the  accumulator.  When  the  specimen  is  to  be  tested, 
the  second  pneumatic  valve  is  closed,  and  the  fluid  is  switched  from 
the  accumulator  to  the  specimen  by  actuation  of  the  high-speed  transfer 
valve.  Baldwin  pressure  .-cells  as  well  as  manganin  wire  pressure  cells 
are  usually  positioned  as  shown,  although  gage  No.  2  can  be  positioned 
inside  the  specimen  if  desired.  The  specimen  end  closures  are 
constrained  in  a  press  and  connected  inside  the  specimen  with  a  heavjr 
rod  so  that  the  sioecimen  is  constrained  at  the  ends  only  by  the  paclcing. 

Figure  2  is  a  cinide  sketch  of  the  high-speed  transfer  valve.  The 
valve  stem  is  moved  quickly  to  the  idght  by  a  pneumatic  cylinder 
allovd.ng  the  fluid  to  flow  from  the  high-pressure  Line  C  to  the  low- 
pressure  Line  D.  The  con^jlex  detail  of  the  valve  has  been  otnitted  to 
reveal  the  simple  principle  of  operation. 

Figure  3  contains  some  selected  initial  slopes  of  strain- tiiae 
cxurves  obtained  with  an  arrangement  such  as  that  of  Figure  1.  All  data 
shotm  were  obtained  with  \^ire  resistance  strain  gages  recorded  on  an 
eight  channel  Strainalyser.  Although  the  initial  parts  of  the  cvirves 
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are  all  smooth,  in  many  coses  reflected  pressure  waves  caused  undulations 
in  later  stages  of  the  curve «.  The  speclmehs  used  to  obtain  the  data  were 
either  hollow  cylinders  or  simple-compression  specimens  o  The  curves  are 
intended  only  to  show  the  variation  in  initial  strain  rates  which  can  be 
obtained  by  .suitable  manipulation  of  hydraulic  pressure  in  the 
accumulator,  the  pneumatic  pressure,  used  ..to  actuate  the  hi^-speed 
transfer  valve,  and  the  sizes  of  piping-  and  discharge  orifices.  The 
hydraulic  line  pressures  for  these  tests  varied  from  about  5»000  psi  to 
about  75!)  000  psi>  with  the  .  hi^er  pressures  being .  applied  to  the 
compression  specimens .  initial,  strain  .rates  varied  from  approximately 
2<.5.x  per,  second  to  about  5<>5  per  second,  or  a  factor  of  about 
lOjdOOo'  Lower, strain  rates  can  be  readily  obtained,  and  it  is  believed 
that  strain  rates  up  to  about  10-100  times  greater  than  the  maximum 
shown  can  be  achieved.  In  general,  when  a  specimen  is  to  be  tested  to 
destruction  dynamically  at  a  high-rate  of  strain,  the  pressure -transfer 
parameters  cafl  .be  adjusted  so  that  the  specimen  fails  before  the  pressure 
wave  undulations  appear  oh  the  strain-time  or  load- time  diagrams;  and  the 
stress- strain- time  curves  can  be  computed  when  the  specimen  geometry  is 
simple. 

■  The  specimen  shown  in  ^gure  ,4  is  a  section  of  an  Ordnance 
component  which  is  dynamically  Ipad^'  in  service  with  a  pressure-rise 
time  in  the  low  millisecond  range.  The  specimen  ends  have  been  altered  . 
for  accommodation  of  hydraulic  packing.  A  three -inch  diameter  filler 
bar  was  inserted  centrally  in  the  specimen  to  reduce  the  fluid  volume, 
because  of  the  complex  specimen  shape,-  no  attempts  were  made  to  compute 
stress-strain  data.  The  static  load-strain  curve  for  two  transverse 
gage  locations  are  contained  in  Figure  5°  Notice  that  the  proportional 
limit  qepurs  at  a  load  of  about,  4000  psi  corresponding  to  about  3500 
microinches  .per  inch  strain,,  and  that  the  specimen  failed  at  a  load  of 
9400  psi  (other  specimens  of  this  type  failed  at  7500-10,000  psi).  The 
component,  manufactured  frorii  a  vanadium-silicon  modified  4330  steel,  was 
designed  by  Frankford,  Arsenal  to  operate  at  a  service  pressure  of 
5400  psi.  Several  specimens  were  loaded  statically  to  5400  psi  and 
exhibited  no  measurable  permanent  set  after  release  of  the  load. 

A  specimen  was  then  subjected  to  a  dynami-c  fatigue  test  with  a 
5400  psi  load  transfer,  and  the  specimen  unloaded  as  soon  as  the  pressure 
in  the  .specimen  reached  5400.  psi.  A , reproduction  at  half  of  the  strain - 
tibe  trace  for  one  of  these  cycles  is  contained  in  Figure  6,  The 
relaxation  part  of  the  curve  takes  approximately  as  long  as  the  first 
half  so  that  a  complete  cj^’cle  occurs  in  about  30-35  milliseconds.  Both 
load-time  and  strain-time  data  .for  the  dynamic  cycles. were  recorded  on 
Visicorders  so  that  records  are  on  permanent  file.  For  these  tests  a 
time  lag  occiirred  between  cycles  since  instrumentation  to  permit 
automatic  cycling  was  not  available.  A  total  of  400  dynamic  cycles  were 
made  during  the  initial  tests  of  this  specimen  -vri-th  no  measurable 
per'manent  set  in  evidence.  A. number  of  rtrain-time  records  were  selected 
randoTnl3?-,  and ‘the  maximum  strain  for  the  gages  selected  is  plotted  against 
the  number  of  cycles  in  Figure  7 «  It  is  obvious  by  inspection  that  the 
iiiaximuin  ■  strain  was  reproduced  very  well  from  cycle  to  cycle.  Variations 
in  maximum  load  (hydraulic  i^ressure)  between  any  two  cycles  were  less  than 


100  psi  or  less  than  2-^.  Such  variation  is  acceptable  for  most  contem¬ 
plated  tests,  but  a  new  electronic  control  panel  arrangement  to  be 
installed  next  month  will  permit  a  decrease  in  the  amount  of  variation. 

A  final  specimen  of  the  group  was  subjected  to  djmaraic  cycling  in 
identical  fashion  to  the  previous  one  except  that  the  maximum  load  was 
7800  psi  pier  cycle.  The  load- time  and  strain-time  traces  occurred  with 
the  same  order  of  variation  as  existed  with  the  previous  sp>ecimen. 
However,  since  the  p)ermanent  set  was  of  prime  interest  for  these  "'over¬ 
pressure"  c:i/'cles,  the  data  is  presented  in  Figure  8  with  the  outside 
diameter  plotted  against  the  number  of  cycles  run.  After  fifteen  cycles, 
diameter  measurements  were  made  on  every  fifth  cycle.  Notice  that 
yielding  occurring  dxiring  the  first  10-20  cycles  results  in  sufficient 
strain  hardening  so  that  no  additional  yielding  occurs.  On  cycle 
number  33,  an  equipment  malfunction  resulted  in  static  loading  of  the 
specimen.  The  static  load  resulted  in  a  relatively  large  amount  of 
yielding  and  a  further  increase  in  permanent  set.  However,  no  increase 
in  permanent  set  occuirred  during  the  following  39  dynamic  cycles.  A 
second  static  test  resulted  in  a  small  Increase  in  pennanent  set,  four 
djmamic  cycles  gave  no  increase,  and  a  third  static  cycle  resulted  in 
another  small  increase  in  permanent  set. 

This  vanadj.um-silicon  modified  4330  steel  in  a  cylindrical  specimen 
of  about  .090"  wall  thickness  had  been  heat  treated  to  an  initial  yield 
strength  of  200,000  psi.  All  specimens  loaded  hydrostatically  to  failure 
esdiibited  verj''  ductile  fractures  with  large  amounts  of  deformation.  All 
failures  were  longitudinal.  What  is  perhaps  most  significant  is  the 
additional  strengthening  apparent  from  the  data  in  Figure  8.  The  actual 
increase  in  yield  strength  during  testing  cannot  be  reported  since  the 
specimen  has  not  yet  been  cut  into  tensile  specimens.  Instead  it  will 
be  subjected  to  from  2000-20,000  additional  dynamic- load  cycles  when  the 
new  control  panel  is  installed.  Suffice  to  say  that  this  particular 
steel  will  find  many  uses  in  Ordnance  equipment. 

A  number  of  thin-walled  cji-linders  of  a  titanium  alloy  (6Al-6V-2.5Sn) 
at  180,000  yi-old  strength  have  also  been  subjected  to  dynamic- load  tests. 
Although  the  test  results  cannot  be  released,  it  is  pointed  out  that  the 
dynamic  tests  of  these  cylinders  were  conducted  under  nearly  the  same 
conditions  as  the  4330  steel  cylinders  or  about  .5  inches  per  inch  per 
second.  The  test  results  were  satisfactory  in  relation  to  the  component 
design  requirements. 

Lastly,  with  the  aid  of  a  suitable  fixture,  standard  .252"  uniaxial 
tensile  specimens  of  the  6Al-67-2.5Sn  titanium  alloy  and  of  4340  steel 
have  been  tested  dynamically  at  various  strain  rates  from  static  to  about 
50  inches/inch/second.  Difficulty  was  encountered  in  breaking 
dynamically  the  steel  specimens  which  had  a  static  ultimate  strength  of 
250,000  psi.  However,  the  titanium  alloy  exhibited  a  static  ultimate 
strength  of  200,000  psi  with  7^  elongation  and  155^  R.  A.  As  the  strain 
rate  was  increased  to  about  .01  per  second  the  ultirnate  strength 
increased  to  230  ,000  psi  v?ith  12'^  elongation  and  35^  A.  As  the  strain 
rate  xras  increased  to  50  P«r  second,  the  ultimate  strength  remained 
constant.  However,  the  elongation  decreased  uniformly  to  about  9-10$^ 
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and  the  reduction  of  area  to  about  25^*  No  conclusions  can  be  made  from 
these  very  limited  tests,  but  the  feasibility  of  testing  is  established, 
and  additional  specimens  id.ll  be  tested  in  the  near  future. 

Due  to  the  difficulty  encountered  in  developing  the  proper 
synchronization  of  all  parts  of  the  testing  and  recording  equipment,  the 
above  limited  tests  are  all  that  have  been  accomplished  to  date.  It  is 
believed,  however,  that  the  feasibil3.ty  of  d;^mamic  testing,  in  both 
uniaxial  and  biaxial  testing  mth  the  1\^atertown  Arsenal  Laboratories 
high-pressure  hydraulic  equipment,  has  been  quite  firmly  established. 
After  the  nevr  electronic  control  and  recording  system  is  installed  in 
September  I960,  it  is  expected  that  efficient  techniques  will  be 
available  for  conducting  a  large  amount  of  dynamic  testing  of  specimens 
and  Ordnance  components. 
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6ENERAL  ARRAReEKENT  OF  HIGH  PRESSURE  EQUIPMENT 
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TIME -MICROSECONDS  TIME- MILLISECONDS 


O.D.-  3.705 
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FIGURE 
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TIME  Vs.  STRAIN  (£)- DYNAMIC  HYDRAULIC  TEST 
5500  PSI  TRANSFERRED  LOAD 
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DYNAMIC  HYDRAULIC  FATIGUE  TEST  (7800  PSD 
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EVALUATION  OF  BIAXIAL  PROPERTIES  OF  ROCKET 
MOTOR  CASE  MATERIAL  USING  SUB-SCALE  SPECIMENS 

By 

G.  K.  BHAT 
D.  V.  LINDH 

Mellon  Institute,  Pittsburg,  Pa. 

ABSTRACT 


This  paper  describes  a  method,  using  deep  drawn  cups  and  welded 
and  unwelded  cylindrical  vessels,  for  evaluating  the  biaxial  properties 
of  rocket  motor  case  materials.  Data  are  presented  showing  the  relation¬ 
ship  between  uniaxial  and  biaxial  properties  viiich  can  be  successfully 
utilized  in  the  selection  of  the  most  suitable  material  for  a  particular 
missile  system. 

The  paper  discusses  and  suggests  how  various  material  proper¬ 
ties  and  design  limits  presently  determined  by  separate  tests  for  each 
property  can  be  evaluated  by  simple  biaxial  tests,  A  few  of  these  are: 


(1)  Selection  of  the  highest  possible 
biaxial  strength  level  without  loss 
of  biaxial  ductility, 

(2)  Establishment  of  a  maximum  alloivable 
decarburization  limit  in  oirder  to  de¬ 
crease  susceptibility  towards  notch 
embrittlement  due  to  surface  imperf ac¬ 
tions, 

(3)  Evaluation  of  embrittling  ranges 
found  at  some  tempering  temperatures, 

(4)  Susceptibility  of  a  iriaterial  toward 
notch  sensitivity, 

(5)  Detection  of  internal  defects  and  tin- 
desirable  conditions  such  as  banding, 
unusual  segregation,  level  of  inclusion 
content,  and  heterogeneity  caused  by 
non-uniform  rolling  and  other  process¬ 
ing  conditions. 
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INTRODUCTION 


The  premature  failure,  in  a  brittle  manner,  of  high-perfor¬ 
mance  motor  cases  has  become  a  matter  of  primary  concern  within  the 
past  few  years.  The  cause  of  these  failures  has  been  attributed  to  the 
sensitivity  of  materials  heat  treated  to  high  strength  levels  (above 
190  ksi)  to  defects  within  the  material,  to  defects  caused  in  handling 
and  fabrication,  and  to  high  local  tensile  stresses. 

Many  screening  techniques  have  been  used  for  the  purpose  of 
qualifying  materials  for  missile  motor  case  application  with  various 
degrees  of  success.  It  has,  however,  been  considered  desirable  that 
any  such  evaltiation  technique  be  capable  of  yielding  the  following  in¬ 
formation  which  is  of  importance  to  missile  motor  case  designers  and 
fabricators: 

(1)  Selection  of  the  highest  possible  biaxial  strength  level 
without  loss  of  biaxial  ductility. 

(2)  Establishment  of  a  maxinum  allowable  decarburization 
limit  in  order  to  decrease  susceptibility  toward  notch  embrittlement 
due  to  surface  imperfections. 

(3)  Evaluation  of  eabrlttling  ranges  found  at  some  tempering 
temperatures. 

(4)  Determination  of  the  susceptibility  of  a  material  toward 
notch  sensitivity. 
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(5)  Detection  of  internal  defects  and  undesirable  conditions, 
such  as  banding,  unusual  segregation,  level  of  inclusion  content,  and 
heterogeneity  caused  by  non-uniform  rolling  and  other  processing  condi¬ 
tions. 


This  paper  describes  a  material  evaluation  technique,  first 
evolved  at  Mellon  Institute,  vrtiich  attempts  to  accomplish  all  of  the 
above  requisites  and  furthermore  to  correlate  the  results  with  those  of 
scale  model  and  full-scale  chambers,  as  well  as  others,  such  as  the 
edge-notched  tensile  tests. 


EQUIPMENT  AND  PROCEDURE 

This  technique  uses  a  specimen  or  a  "cup"  of  the  configura¬ 
tion  shown  in  Figure  1,  which  is  produced  by  cold  drawing  sheet  material. 
The  drawn  cups  are  heat  treated  and  then  tested  in  the  fixture  shown 
sectionally  in  Figure  2,  Figure  3  shows  the  experimental  set-up  along 
with  several  fractured  cups. 

The  experimental  procedure  consists  of  hydrostatically  pres¬ 
surizing  a  cup  having  a  biaxial  strain  gage  attached  to  its  apex,  and 
taking  strain  readings  at  various  pressures  until  severe  yielding  is 
observed,  and  then  pressurizing  until  rupture  occurs.  Following  this, 
the  cup  is  taken  from  the  fixture  and  thickness  readings  are  taken  along 
the  fractured  edge  for  the  purpose  of  assessing  the  ductility  of  the 
material  under  biaxial  conditions. 
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Figure  3  -  Disassembled  Cup  Test  Fixture  and  Support  Equipment 


RESULTS 


The  principal  stresses  at  various  pressures,  calculated  from 
the  strain  readings  obtained  are  tabulated  for  a  sample  material^  in 
Table  I  and  shown  graphically  in  Figure  4,  From  this  plot,  the  biaxial 
yield  strength  and  biaxial  rupture  strength  are  determined.  The  yield 
strength  is  determined  by  the  intersection  of  the  stress-pressure  curve 
and  a  line  parallel  to  and  offset  10,000  psi  from  the  linear  part  of  it. 
This  offset,  vrtiich  is  shown  in  Figure  4,  corresponds  to  approximately 
.03^  principal  strain.^  The  biaxial  rupture  strength  is  determined  by 
extrapolation  of  the  pressure-stress  plot  on  to  the  rupture  pressure. 
This  is  also  shown  in  Figure  4, 

By  plotting  biaxial  strength  properties  against  the  condi¬ 
tions  of  the  independent  variable,  the  effect  of  the  independent  vari¬ 
able  on  the  properties  can  be  observed.  An  example  of  this  is  shown 
in  Figure  5t  the  data  of  which  are  tabulated  in  Table  II,  In  this  chart 
the  independent  variable  is  tempering  temperature, 

A  measure  of  biaxial  ductility  is  obtained  by  calculating  the 
maximum  reduction  in  head  thickness,  given  by  the  following  equation* 

Reduction  in  t^  -  tf  mo  ^o  “  original  thickness  at  apex 
Head  Thickness  ” 

tf  =  final  minimum  thickness 
along  fracture  edge 


^The  steel  used  to  obtain  the  data  presented  through  this  report  is  4137 
Co  having  the  following  chemical  composition  except  when  indicated  other¬ 
wise*  C  0,39%,  Mn  0,70%,  Si  1,00^,  P  0,01%,  S  0,01%,  Cr  1,10%,  Mo  0,2^, 

V  0,15%,  Co  1,00%, 

^Principal  strain  =  Principal  Stress/E 
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TABLE  I 


Values  of  Principal  Head  Stress 


a,b 


at 


Various  Pressures  for  a  4137  Co  Cup  Specimen 


o,d 


Pressure 

Principal 

Stress 

Dsie 

ksi 

0 

0 

500 

25 

1000 

49 

2000 

96 

3000 

147 

3200 

155 

3500 

168 

3700 

177 

4000 

193 

4200 

203 

4500 

221 

4700 

231 

5000  ' 

250 

5200 

263 

5500 

287 

(a)  Principal  stress  at  the  apex  of  the  specimen, 

(b)  Principal  stress  values  &re  increasingly  too  large  beyond  the  elastic 
range  of  the  material. 

(o)  Austenitized  at  I7OO  F  for  30  min.y  quenched  in  oil  and  doiible  teia* 
pered  at  550  F, 

(d)  Initial  sheet  thickness  O.OSO",  Minimum  cup  head  thickness  0.064''. 
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TABLE  II 


Room  Temperature  Biaxial  Mechanical  Strength  Properties  of  4137  Co 


Tempering* 

Temperature 

F 

Biaxial^ 

0.03^  offset 
Yield 

Strength 

ksi 

Biaxial 

Extrapolated 

Rupture 

Strength 

ksi 

249 

389 

450 

264 

377 

270 

380 

550 

268 

376 

255 

320 

262 

266 

750 

229 

306 

221 

» 

221 

293 

213 

264 

(a)  Austenitised  at  1700  F  for  30  mln»(  qoenohed  In  oil  and  ten^wred 
as  indioated. 


(b)  Biaxial  Ratio  <>1:1 
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TEMPERING  TEMPERATURE,  F, 


An  example  of  this  xdth  the  results  compared  against  the  independent 
variable  is  given  in  Table  III  and  Figure  6»  The  independent  variable 
is  again  tempering  temperature, 

INTERPETATIOM  OF  RESULTS 

It  should  now  be  possible  to  indicate  how  this  technique  can 
be  used  to  evaluate,  under  biaxial  conditions,  many  material  properties 
affecting  its  strength,  such  as  the  influence  of  heat  treatment,  gas 
content,  size  and  distribution  of  inclusions  and  other  defects. 

Selection  of  Highest  Possible  Biaxial 
Strenerth  Vfl.thout  Sacrifice  of  Ductility 

Selection  of  the  highest  possible  biaxial  strengtli  without 
loss  of  ductility  is  best  accomplished  by  comparing  uniaxial  and  biaxial 
strength  and  uniaxial  and  biaxial  ductility  parameters  over  a  range  of 
tempering  temperatures.  This  is  done  for  a  sanqale  material  in  Table  IV 
and  Figures  7  and  8, 

From  Figure  7f  it  is  evident  that  the  maximum  uniaxial  and 
biaxial  yield  strengths  occur  at  tempering  temperature  of  approximately 
550  F  and  at  this  point  both  luiiaxial  ultimate  strength  and  biaxial 
rupture  strength  are  near  their  maximum  values.  Furthermore,  it  can.be 
seen  that  the  biaxial  rupture  strength  is  much  greater  than  the  corre¬ 
sponding  uniaxial  value,  a  condition  that  must  exist  if  brittle  failure 
is  to  be  avoided.  Data  in  support  of  this  are  given  in  Table  V, 
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TABLE  III 


Reduction  in  Head  Thickness  of  4137  Co 


Tempering® 

Temperature 

F _ _ 


Reduction  in 


Head  Thickness 

_ i _ 


400 

450 

500 

550 

600 

650 

750 

900 

1000 


11.0 

11.0 

9.4 

12.5 

0 

0 

18.0 

21.8 

21.8 


(a)  Auetanitiied  at  1700  F  for  JO  ain.y  quenohed  in  oil  and  taapered 
as  indloatad. 
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TEMPERING  TEMPERATURE,  F 
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(a)  Austenitized  at  1700  F  fc*r  30  min.,  cpienehed  in  oil  and  tempered  as  indicated. 

(b)  Biaxial  Ratio  =  1:1, 
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Comparison  of  Uniaxial  and  Biaxial  Mechanical  Strength  Properties. 
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TEMPERING  TEMPERATURE,  F. 

Figure  8  -  Con^>arlson  of  Uniaxial  and  Biaxial  Ductility  Parametera 
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(c)  Biaxial  Ratio  =  1:1 


Figure  8  shows  that  the  biaxial  ductility  parameter,  reduction 
in  head  thickness,  nearly  parallels  the  uniaxial  ducti.lity  parameter, 
reduction  in  area,  indicating  that  the  material  does  not  tend  to  become 
brittle  under  a  biaxial  stress  field  and  especially  at  a  tempering  tem¬ 
perature  of  550  F, 

Establishment  of  a  >laximtun  Allowable  Decarburizati.on  Limit 

The  criterion  for  selection  of  the  maximum  allowable  surface 
decarburization  in  sheet  material  is  permissible  loss  in  strength.  The 
multiaxial  strength  evaluation  technique  can  be  used  to  determine  the 
average  biaxial  strength  of  a  material  at  different  tempering  tempera¬ 
tures  and  with  various  depths  of  surface  decarburization.  An  example  of 
the  effect  of  surface  decarburization  is  given  in  Table  VI  and  shown 
graphically  in  Figure  9* 

.  The  steel  used  to  obtain  the  data  of  Figure  9  had  an  initial 
amount  of  decarburization  on  each  surface.  The  values  corresponding  to 
a  decarbxirization  depth  of  0,003  inches  were  obtained  from  specimens 
heat  treated  in  salt  while  the  remaining  data  were  obtained  from  speci¬ 
mens  heat  treated  in  air.  As  it  can  be  seen,  an  additional  0,003  inches 
in  surface  decau'burization  depth  causes  considerable  loss  in  both  uni¬ 
axial  and  biaxial  strength  while  no  appreciable  gain  in  ductility  is 
noted.  An  interesting  point  to  note  is  the  fact  that  this  data  indi¬ 
cates  that  decarburization  depth  should  be  minimized  as  it  decreases 
strength  considerably  >diile  having  very  little  effect  on  ductility  para¬ 
meters,  However,  there  is  evidence  to  show  that  surface  decarburlzatlon 
could  help  minimize  failures  which  originate  at  surface  flaws. 
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Biaxial  Rupture 
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DECARBURIZATii 

Figure  9  -  Effect  of  Surface 
and  Biaxial  Mechai 


Location  of  ETribrittllng  Ranees 


The  effect  of  an  embrittling  temperature  range  on  the  results 
of  the  material  evaluation  technique  being  discussed  is  quite  evident 
from  Table  VII  and  Figures  10  and  11. 

Figure  10  compares  uniaxial  ultimate  strength,  uniaxial  edge 
notch  ultimate  strength  and  biaxial  rupture  strength  over  a  range  of 
tempering  temperatures.  It  can  be  readily  seen  from  the  notch  strength 
and  biaxial  rupture  strength  curves  that  a  tendency  toward  embrittle¬ 
ment  exists  around  a  tempering  temperature  of  650  F,  The  important 
point,  however,  is  that  this  technique  points  out  the  embrittling  range 
and  points  it  out  much  more  clearly  than  the  results  of  edge  notched 
tensile  tests. 

A  comparison  of  uniaxial  and  biaxial  ductility  parameters, 
as  shown  in  Figure  11,  also  exhibits  clearly  the  existence  of  a  temper 
embrittlement  region.  The  advantages  of  using  a  raultiaxial  strength 
evaluation  technique  thus  becomes  obvious. 

Determination  of  the  Susceptibility  of 
a  Materl,al  Toward  Notch  Sensitivity 

The  susceptibility  of  a  material  toward  notch  sensitivity 
has  been  successfully  predicted  throu^  interpetation  of  the  cup  test 
results.  An  exan^le  of  this  for  a  notch  sensitive  steel^  is  given  in 


^The  steel  used  to  obtain  the  data  given  in  Table  VIII  is  Rooolqy  250  of 
the  following  nominal  chemical  composition:  C  0,41^6,  Mn  0.795^,  Si  0,995^, 
Cr  1.15SJ,  Mo  0.595t,  V  0.15JJ,  Co  1.195^. 
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TEMPERING  TEMPERATURE,  F. 

Figure  10  -  Effect  of  Temper  Embrittlement  on  the  Uniaxial  Notch  Strength, 

Uniaxial  Unnotched  Ultimate  Strength  and  Biaxial  Rupture  Strength. 
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TEMPERING  TEMPERATURE,  F. 

Figure  11  -  Comparison  of  Uniaxial  and  Biaxial  Ductility  Parameters 


Table  VIII  and  in  Figures  12  and  13.  The  steel  is  deliberately  given 
an  embrittling  treatment  by  using  a  lower  austenitizing  teir^rature 
prior  to  quenching. 

Figxu'e  12  compares  the  uniaxial  ultimate  strength,  uniaxial 
edge  notch  ultimate  strength  and  biaxial  rupture  strength  over  a  range 
of  tempering  temperature.  It  is  readily  seen  from  this  figure  that  the 
biaxial  rupture  strength  decreases  well  below  the  notch  ultimate  strength 
and  uniaxial  ultimate  strength  above  a  tempering  temperature  of  600  F, 
indicating  brittle  behavior  or  a  notch  sensitivity. 

Figure  13  also  reflects  the  brittle  behavior  of  the  material 
due  to  a  drastic  drop  in  the  biaxial  ductility  parameter.  The  uniaxial 
ductility  also,  but  not  as  markedly,  reflects  the  brittle  behavior  in 
the  continual  but  gradual  decrease  in  the  reduction  in  area  as  tempering 
temperature  Increases • 


CONCLUSION 


A  material  evaluation  and  screening  technique  has  been  de¬ 
scribed  and  data  of  consequence  in  the  selection  and  application  of  a 
material  for  rocket  motor  case  have  been  presented.  It  has  been  clear¬ 
ly  indicated  that  the  multiaxlal  cup  test  is  capable  of  yielding  the 
following  information: 

(l)  Selection  of  the  highest  possible  biaxial  strength  level 
without  loss  of  biaxial  ductility. 
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Figure  12  -  Effect  of  Notch  Sensitivity  on  the  Uniaxial  Notch  Strength,  Uniaxial 

Unnotched  Ultimate  Strength  and  Biaxial  Rupture  Strength  of  Rocoloy  250. 


:ure  13  -  Effect  of  Notch  Sensitivity  on  the  Uniaxial  and  Biaxial  Ductility 
ParasKters  of  Rocoloy  250. 


(2)  Establishment  of  a  maximum  allowable  decarburization  limit 
in  order  to  decrease  susceptibility  toward  notch  embrittlement  due  to 
surface  imperfections. 

(3)  Evaluation  of  embrittling  ranges  found  at  some  tenqpering 
temperatures, 

(4)  Determination  of  the  susceptibility  of  a  material  toward 
notch  sensitivity. 

(5)  Detection  of  internal  defects  and  undesirable  conditions, 
such  as  banding,  unusual  segregation,  level  of  inclusion  content,  and 
heterogeneity  caused  by  non-uniform  rolling  and  other  processing  condi¬ 
tions. 


The  results  obtained  through  the  use  of  this  technique  have 
been  compared  with  the  results  of  various  other  tests  employed  to  select 
missile  materials.  This  hydrostatic  cup  test  has  been  shown  to  be  more 
sensitive  in  delineating  even  the  smallest  deficiencies  in  a  missile  ma¬ 
terial. 

As  a  final  remark  on  the  reliability  of  this  technique,  it 
would  be  appropriate  to  mention  that  the  multlaxlal  cup  test  provides 
consistent  and  reproducible  results.  Furthermore,  it  appears  possible 
to  directly  correlate  the  yield  strength  and  rupture  strength  data  of 
the  cup  test  with  similar  results  obtained  by  hydrostatic  testing  of 
scale  model  and  full-scale  rocket  motor  ohaiit>ers.  Data  presented  in 
Table  IX  support  the  above  statement. 
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TABLE  K 


Comparison  of  Cup  Data  with  Scale  Model 
and  Full-Scale  Rocket  Motor  Chamber  Data 


Test  Soecimen® 

Biaxial 

Threshold 

Yield 

Strength 

ksi 

Biaxial 

Ultimate 

Strength 

ksi 

10"  dia,  hemispherical^ 
head  cup 

245 

377* 

Falcon  motor  case® 

0,050"  wall 

246 

275 

Falcon  motor  case® 

230*^ 

270 

Full-scale  Polaris® 

A-1  second  stage 
motor  chamber 

e 

269 

(a)  All  specimens  heat  treated  to  a  0*2^  offset  uniaxial  yield  strength 
level  of  230,000  psl  and  a  uniaxial  ultimate  strength  level  of 
270,000  psi» 

(b)  Biaxial  Ratio  <=  Isl. 

(c)  Biaxial  Ratio  =  2:1, 

(d)  Case  successfully  fired  at  this  stress  level, 

(e)  No  yielding  observed  after  three  pressurisation  pyolee  to  a  stress 
level  of  147  ksi, 

♦  Extrapolated  rupture  strength. 
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THE  CORRELATION  OF  LABORATORY  SPECIMEN 


AND  STRIP  WOUND  PRESSURE  VESSEL  TESTS 


by 

Robert  J.  Voth 
Ryan  Aeronautical  Co. 
San  Diego,  California 


INTRODUCTION 

Research  and  development  of  resistance  welded  strip  wound  pressure 
vessels  has  been  conducted  continuously  for  the  past  two  and  one-half 
years  by  the  Ryan  Aeronautical  Company  at  their  main  plant  in  San 
Diego.  Notable  achievements  have  resulted  from  this  research,  in 
the  quest  of  higher  strength -to -density  ratio  rocket  motor  cases.  One 
of  the  milestones  of  the  program  occurred  when  a  laminated  cylinder 
first  achieved  a  hoop  stress  in  excess  of  300,  000  psi,  a  value  which 
has  subsequently  been  surpassed  several  times.  A  second  rewarding 
experience  was  the  graduation  of  the  program  from  sub- scale  model 
testing  to  a  full  scale  production  case.  A  hoop  stress  of  291,  000  psi 
was  achieved  on  the  first  attempt. 

Much  of  the  success  of  the  program  can  be  attributed  to  the  thousands 
of  specimen  tests  conducted  prior  to  chamber  fabrication. 

DESIGN  FEATURES 


The  RyanWrap  concept  of  pressure  vessel  design  incorporates  the  us¬ 
age  of  high  strength  foil  gage  metals  helically  wound  on  a  cylindrical 
mandrel.  A  sufficient  number  of  laminations  are  added  to  achieve  the 
desired  wall  thickness.  These  layers  are  subsequently  resistance 
welded  together  to  form  a  cylindrical  shell.  End  closures  are  added 
by  resistance  welding  through  a  lap  joint  configuration.  This  versa¬ 
tile  concept  permits  almost  unlimited  variation  of  material,  chamber 
size,  number  of  laminations,  gage  of  each  lamination  and  total  wall 
thickness.  The  elimination  of  fusion  welding  permits  the  usage  of 
simplified  inspection  procedures  and  allows  fabrication  without  subse¬ 
quent  heat  treatment.  These  many  advantages,  including  greater  re¬ 
sistance  to  notch  sensitivity  and  "fail-safe"  features,  can  be  obtained 
using  a  minimum  of  production  facilities  and  make  the  concept  excep¬ 
tionally  attractive. 
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MATERIAL  EVALUATION 


As  reported  in  reference  1,  seven  materials  were  initially  screened 
to  select  an  optimum  alloy  for  strip  wound  cylindrical  pressure  ves¬ 
sels.  The  screening  tests  included  tear,  tensile,  spotweld  degrada¬ 
tion,  drop  ball  impact  (reference  2),  and  (references  3,  4,  5,  6) 
specimens.  Figure  1  shows  the  results  of  the  spotweld  degradation 
tests;  Figure  2,  the  ratings;  and  Figure  3,  the  drop  ball  impact 
test  results.  Summarizing  the  results  of  these  tests,  the  materials 
were  rated  in  the  following  order: 

TABLE  I 


Material  Evaluation  Ratings 


Gc 

Degradation 

Drop  Ball 

1. 

AM355  CRT 

AM355  CRT 

AM355  SCCRT 
(30%  CR) 

2. 

PH15-7MO 

AM355  SCCRT 
(7C%  CR) 

H. S.  -25 

3. 

301  EFH 

PH15-7MO 

AM355  CRT 

4. 

HS  -25 

AM355  SCCRT 
(30%  CR) 

17-7  PH 

5. 

AM355  SCCRT 
(70%  CR) 

301-  EFH 

AM355  SCCRT 
(70%  CR) 

6. 

AM355  SCCRT 
(30%  CR) 

17-7  PH 

PH15-7MO 

7. 

17-7PH 

H.  S.  -  25 

301  EFH 

From  the  screening  tests  including  strength-to-density  determination, 
the  AM355  CRT  material  was  selected  as  the  best.  It  also  offered  the 
best  potential  for  future  improvement  in  properties  by  modifying  the 
tempering  or  percentage  of  cold  reduction.  One  gage,  .  008,  common 
to  all  materials  was  tested  in  this  evaluation  program.  Limited  quan¬ 
tities  of  B120-VCA,  all  beta  titanium,  have  been  tested  in  addition  to 
some  6AL-4V  titanium.  The  results  of  the  all  beta  tests  are  not  en¬ 
couraging,  while  the  6AL-4V  tests  are  not  complete. 

RESISTANCE  WELD  FRACTURES 


To  fully  understand  the  many  problems  involved  in  the  design  of  a  re¬ 
sistance  welded  pressure  vessel,  the  modes  of  failure  of  this  struc¬ 
ture  must  be  comprehended.  Three  basic  types  of  fracture  exist. 

The  first,  spotweld  shear,  as  shown  in  Figure  4,  is  caused  by  insuf¬ 
ficient  nugget  diameter  or  an  inadequate  number  of  welds.  The  second. 
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shear  out  or  tear  out,  as  shown  in  Figure  5,  is  caused  by  excessive 
penetration  in  the  outer  sheets,  excessive  weld  spacing  or  insvifficient 
edge  distance.  The  third  mode  of  failure,  of  utmost  importance  in 
wrapped  chamber  design,  is  degradation  of  the  parent  metal.  It  is 
analogous  to  a  net  section  failure  in  a  bolted  connection.  Too  many 
bolts  in  the  joint  are  often  more  detrimental  than  too  few.  Of  signifi¬ 
cance  in  the  degradation  failure  is  the  continued  analogy  to  the  bolted 
connection.  The  spotweld  nugget  acts  as  a  shear  pin  in  a  hole,  and 
the  failure  propagates  around  the  nugget  in  the  heat  affected  zone  cre¬ 
ated  when  the  nugget  is  cast.  Figures  6  and  7,  a  pair  of  unique  photo¬ 
micrographs,  show  areas  of  imminent  failure  in  test  specimens.  Fig¬ 
ure  6  is  of  a  single  loaded  layer  specimen  which  contained  a  four -layer 
spotweld  by  use  of  tabs  on  the  top  and  bottom  of  the  test  section.  The 
tabs  were  loose,  indicating  that  a  failure  had  occurred  around  the  spot¬ 
weld  nugget.  When  the  tabs  were  pried  off,  the  nugget  was  like  a 
loose  pin  in  a  hole.  Stress  lines  had  started  to  form,  originating  at 
the  edge  of  the  hole,  and  were  progressing  outward  toward  the  edge  of 
the  specimen.  Figure  7  is  of  a  spotweld  through  20  layers  of  .  008 
steel.  This,  too,  was  a  single  loaded  layer  specimen;  the  additional 
19  layers  were  tabs  in  the  test  section.  In  the  laminate  which  was 
subjected  to  tension  loads,  a  fracture  can  be  seen  in  the  heat  affected 
zone  around  the  nugget,  indicating  that  failure  in  this  area  was  immi¬ 
nent.  Ultimate  failure  of  the  specimen  had  previously  occurred  in 
parent  metal  outside  of  the  spotweld  test  area.  From  Figures  6  and  7 
it  is  apparent  that  a  degradation  failure  starts  by  a  failure  aroiind  the 
spotweld  in  the  heat  affected  zone  and  that  stress  concentrations  at 
the  edge  of  the  resulting  hole  create  a  crack  which  progresses  outward 
to  the  edge  of  the  specimen.  This  accounts  for  the  critical  effect  of 
edge  distance  on  the  stress  level  achieved. 

SPOTWELD  DIAMETER 


Some  of  the  tangible  parameters  to  consider  in  resistance  welding 
through  many  laminations  are  the  number  of  interfaces,  the  resis¬ 
tance  of  each  interface,  the  gage  of  each  laminate,  the  material,  and 
the  required  shear  stress  of  the  welds.  The  nugget  diameter  require¬ 
ments  must  be  matched  to  the  appropriate  resistance  welding  machine. 
In  addition,  the  skill  and  ingenuity  of  the  welding  research  engineer 
are  taxed  to  develop  the  best  possible  welds.  Included  in  this  research 
are  choices  of  electrode  shape  and  material,  current  density,  wave 
shape  and  cyclic  post  heat  and  chill.  Specimens  were  tested  (refer¬ 
ence  7)  to  determine  the  degrading  effects  on  parent  material  in  4,  8, 
12,  l6  and  20  layers  of  .  008"  AM355  CRT  with  various  spotweld  diam¬ 
eters.  Figure  8  shows  the  results  of  these  tests.  Eight  laminations 
were  required  to  achieve  the  required  internal  design  pressure.  Fur¬ 
ther  testing  efforts  were  concentrated  on  this  configuration. 
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SPOTWELD  SPACING 


Circumferential  spotweld  spacing  has  little  effect  on  the  allowable 
hoop  stress  in  a  wrapped  cylinder,  as  indicated  on  Figure  9.  However, 
the  axial  stress  in  the  cylinder  must  be  transferred  from  layer  to  layer 
across  the  discontinuities  in  adjacent  strips  (reference  8).  The  highest 
stress  in  an  axial  type  of  specimen  is  obtained  when  a  balance  is  a- 
chieved  between  tear  out  and  degradation  types  of  failure.  Figure  10 
shows  these  test  results. 

EDGE  DISTANCE 


As  pointed  out  in  the  discussion  of  the  modes  of  failure,  the  edge  dis¬ 
tance  of  the  rows  of  circumferential  spotwelds  adjacent  to  the  edges  of 
the  strip  contributes  significantly  to  the  stress  level  which  can  be 
achieved  in  the  hoop  direction.  Of  additional  significance  is  the  eccen¬ 
tricity  of  the  row  of  welds  in  the  specimen.  Two  types  of  specimens 
were  constructed  to  show  this  effect.  The  first  group  had  a  variable 
width  test  section  with  the  row  of  welds  down  the  center  of  the  speci¬ 
men.  The  second  group  held  the  width  of  test  section  constant;  and 
the  rows  of  welds,  parallel  to  the  direction  of  stress,  were  placed  at 
variable  distances  from  the  edge  of  the  specimens  to  the  center  line. 
Figure  11  shows  the  results  of  this  investigation. 

CYLINDER  CORRELATION  WITH  SPECIMEN  TESTS 


As  in  the  case  of  any  research  program,  models  were  built  to  check 
specific  variables  and  to  verify  analytical  development.  Direct  corre¬ 
lation  cannot  be  expected  between  tensile  specimens  and  wrapped  cyl¬ 
inders,  since  two  very  important  parameters  affecting  wrapped  cylin¬ 
der  performance  are  difficult  to  reproduce  in  tensile  specimens. 

These  two  parameters  are  biaxial  stress  distribution  and  pre-stress 
of  the  laminations.  If  the  trend,  shown  in  the  specimen  tests,  is  dup¬ 
licated  by  the  results  nf  the  burst  tests  of  the  cylinders  which  were 
designed  from  the  specimens,  then  conclusions  can  be  drawn  regard¬ 
ing  the  effects  of  the  uncontrolled  variables.  Figures  12  and  13  show 
the  correlation  of  the  cylinders  to  the  trend  established  in  the  speci¬ 
men  tests  and  the  magnitude  of  the  difference  to  be  expected. 

CYLINDER  TO  END  CLOSURE  JOINT 


Many  methods  of  joining  end  closures  to  a  laminated  cylinder  were 
evaluated  in  specimen  tests.  These  methods  included  fusion  welded 
joints,  mechanical  fasteners,  and  four  types  of  resistance  welded 
joints.  The  specimen  tests  served  as  a  rough  screening  operation, 
despite  the  fact  that  discontinuity  stresses  which  are  present  in  an 
actual  joint  could  not  be  accurately  reproduced  in  the  specimen  tests. 
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Chambers  were  fabricated  incorporating  the  most  promising  of  four  of 
the  basic  designs.  The  joints  on  one  of  these  chambers  used  mechani¬ 
cal  fasteners,  another  chamber  was  fusion  welded,  and  two  resistance 
welded  designs  were  included  on  other  chambers.  Measurements  of 
the  radial  deflections  in  the  area  of  the  joints  while  the  chambers  were 
pressurized  were  subsequently  graphed.  The  ^suiting  deflection 
curves  after  differentiating  twice  yielded  the  diagrams  of  the 

structure.  Estimation  of  the  material  resistinglaending  then  permitted 
relatively  accurate  calculation  of  the  discontinuity  bending  stresses  in 
the  end  closure  attachment.  It  then  was  a  relatively  easy  task  to 
choose  the  most  efficient  joint.  Both  quarter  scale  and  full  size  cham¬ 
bers  were  fabricated  utilizing  the  optimum  joint.  A  comparison  be¬ 
tween  the  bending  moments  for  the  quarter  scale  and  full  size  model 
is  shown  in  Figure  14  (reference  9).  The  validity  of  the  analysis  and 
the  assumptions  made  were  demonstrated  by  hydrostatic  burst  tests 
of  twelve  successive  chambers  incorporating  this  joint  in  which  fail¬ 
ures  always  originated  in  the  cylinder  body. 

CONC  LUSIONS 


It  is  relatively  meaningless  to  compare  circumferential  spotweld  spac¬ 
ing  specimens  loaded  in  the  axial  direction  to  the  burst  strength  of  a 
cylinder,  unless  the  failure  of  the  cylinder  occurred  because  of  axial 
stress.  As  long  as  the  specimens  show  that  a  strength  level  in  excess 
of  half  the  expected  hoop  stress  can  be  transmitted  in  the  axial  direc¬ 
tion,  the  design,  using  these  specimen  test  results,  shoxild  yield  a 
hoop  stress  failure  in  the  cylinder. 

The  excellent  results  achieved  by  the  method  of  joint  analysis  dis¬ 
cussed  permits  the  designer  to  calculate  the  PL/AE  deformations  of 
any  of  his  head  attachment  designs  and  convert  these  deflections  to 
bending  stresses.  Model  tests  of  these  designs  can  then  be  extrapo¬ 
lated  to  determine  full  size  chamber  requirements. 

Specimen  and  model  tests  have  proven  extremely  valuable  in  estab¬ 
lishing  trends  for  the  many  variables  associated  with  strip  wound 
pressure  vessel  design.  These  trends  have  indicated  areas  of  re¬ 
search  to  be  abandoned  as  well  as  fields  which  merit  further  consid¬ 
eration. 
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TYPE  MATERIAL 


Figure  2  Gg  Ratings 
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TRANSVERSE 


TYPE  MATERIAL 


Figure  3  Impact  Loads  to  Point  of  F»cture 
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Magnification 
10  X 


Figure  4  Sheared  Spotweld 


Magnification 
10  X 


Figure  ''  Spotweld  Tear -out 


Figure  7  Spotweld  Degradation 


%  ULTIMATE  TENSILE  STRENGTH 


Figure  8  %  Parent  Material  Strength  V.  S. 
Spotweld  Diameter  In  4,  8,  12,  16,  20, 
Lamlnatlona  of  .  008  AM355  CRT  with  .  SO 
Edge  Dletance 
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Figure  10  Allowable  Axial  Stresa  Va  Circumferential  Spot  Spacing 
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%  ULTIMATE  TENSILE  STRESS 


_  SPOTWELD  IN  CENTER 
E. D.  =  1/2  WIDTH 

CONSTANT  WIDTH 
SPECIMEN.  E.D.  FROM 
ONE  EDGE. 


SPOTWELD  EDGE  DISTANCE,  INCHES 


Figure  11.  Variation  <A  Ultimate  Tenalle  Stresa  (Hoop  Direction)  with  Spotweld  Edge  Distance 
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Figure  12  Spotweld  Diameter  Va  Hoop  Stress 
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Figure  IS  Spotweld  Edge  DleUace  Vs  Hoop  Street 
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BENDING  MOMENT  X  10"'*  (PSI) 
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DISTANCE  FROM  TANGENT  POINT  OF  END  CLOSURE  (INCHES) 


Figure  14  Bending  Moment  Comparison  at  End  Closure  Joint  of  Full  Size  and  Quarter  Scale  Models 
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FULL  SCALE  PERSHING  MOTOR  CASE  BURST  TESTS 
(TITANIUM  AND  STEEL) 


C.  A.  Tidwell,  Jr. 

Propulsion  Laboratory 
Marshall  Space  Flight  Center 
National  Aeronautics  and  Space  Administration 
Redstone  Arsenal 
Huntsville,  Alabama 


The  results  of  burst  testing  one  full  scale  2nd  stage  titanium  (BIZOVCA) 
motor  case,  one  full  scale  1st  stage  steel  (H-11)  motor  case  and  three  full  scale 
2nd  stage  steel  (HttII)  motor  cases  are  presented.  Comparisons  are  made  between 
uniaxial  yield  strength  and  biaxial  strength,  as  well  as  between  uniaxial  ultimate 
strength  and  actual  hoop  stress  at  failure. 
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AESTRACT 


The  use  of  subscale  pressure  vessels  in  the  development 
of  modern  solid  propellant  rocket  cases  is  reviewed.  Their 
place  in  a  coordinated  engineering  program  ranging  from  simple 
tensile  testing  to  the  completed  case  is  discussed.  Results 
of  various  programs  aimed  at  evaluating  and  developing  materials, 
fabrication  techniques  and  establishing  design  parameters  are 
presented.  Problems  encountered  in  the  evaluation  of  subscale 
pressure  vessel  testings  are  also  discussed.  Applying,  subscale 
results  to  large  cases  is  shown  to  be  valid  and  the  application 
of  subscale  vessels  to  future  problems  is  mentioned. 
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Introduction 


In  general  the  development  of  high  performance  solid  propellant  rocket  cases 
requires  an  extensive  material,  design  and  fabrication  background.  Even  though 
these  cases  are  relatively  simple  mechanical  structures,  the  high  stress  levels 
they  operate  at  and  stringent  reliability  requirements  makes  them  expensive 
pieces  of  hardware.  Consequently,  even  though  a  final  configuration  must  be 
evaluated  on  full  scale  parts,  economical  means  must  be  developed  to  provide 
answers  which  insure  the  satisfactory  functioning  of  the  resultant  design.  One 
such  tool  is  a  subscale  model.  These  models  can  range  from  simple  pressure 
vessels  designed  to  evaluate  failure  mechanisms  on  material  behavior  to  more 
complicated  models  duplicating  in  every  detail  the  design  of  the  full  size  unit. 
The  purpose  of  this  paper  is  to  review  the  use  of  these  subscale  models  in 
developing  a  solid  propellant  rocket  case  and  present  results  obtained  during 
various  development  programs . 

Approach 


Much  can  be  learned  from  fairly  simple  press\ire  vessels.  One  such  vessel  is 
shown  in  Fig  1.  Commenly  called  a  Watermelon,  for,  reasons  of  its  size  and 
shape,  pressure  vessels  of  this  type  have  been  successfully  used  to  evaluate 
material  capabilities  and  failure  mechanisms  as  well  as  fabrication  techniques. 
These  vessels  are  normally  roanvifactured  by  hydroforming  sheet  stock  into  a 
spherical  dome  and  cylindrical  skirt.  Two  of  these  parts  are  girth  welded 
together  while  the  addition  of  a  pressurizing  pl\ag  completes  the  test  vessel. 
Modifications  of  ttas  procedure  consist  of  flow-turning  the  skirt  or  the  addi¬ 
tion  of  intermediate  cylinders  to  form  longer  vessels.  The  length  of  the  vessel 
is  important  in  evaluating  the  material  strength  and  will  be  discussed  in  a 
later  paragraph. 

A  further  refinement,  providing  additional  flexibility  but  increased  cost,  is 
obtained  by  using  machined  end  domes  welded  to  floturned  center  cylinders. 

(Fig.  2).  Vessels  of  this  type  are  used  when  dimensional  changes  unobtainable 
with  sheet  stock  are  required  or  selective  fabrication  techniques  are  being 
investigated. 

The  final  refinement  of  course  consists  of  detailed  parts  duplicating,  at  a 
reduced  scale,  flanges,  igniter  bosses,  etc.  These  test  vessels  are  normally 
used  to  evaluate  particular  designs  or  develops  design  technioues .  One  such 
test  dome  to  evaluate  thrust  termination  ports  is  shown  in  Fig.  3. 

Results 


A-Simple  Models 

Initially  Pratt  and  Whitney  Aircraft  utilized  the  watermelon  test  vessels  to 
evaluate  material  behavior  under  biaxial  loading  and  establish  welding  techniques . 
Fig.  ha  shows  the  chronological  results  of  an  initial  series  of  tests.  The  early 
results  were  poor  until  weld  techniques  improved  and  more  attention  was  paid  to 
simple  matters  such  as  the  welded  in  pressurizing  plug.  Two  failures  originated 
in  this  area  and  this  weld  problem  was  solved  by  eliminating  it  and  resorting  to 
a  mechanical  joint,  while  these  test  vessels  are  difficult  to  inspect,  this 
series  of  tests  proved  very  clearly  that  not  only  could  much  be  learned  regard¬ 
ing  the  behavior  of  a  particular  material  but  considerable  fabrication  experience 
could  be  gained  at  minimum  cost. 
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A  further  series  of  tests  (Fig.  Ub)  evaluated  the  fabrication  variables  involved 
in  welding  together  hardened  details.  While  the  previous  vessels  had  been  made 
by  first  welding  and  then  heat  treating,  these  next  series  of  tests  were  made  by 
heat  treating  the  individual  details,  welding  and  then  locally  tempering  the  weld 
zone.  The  low  point  resulted  from  a  $0%  mismatch  in  the  weld.  It  is  also  inter¬ 
esting  to  note  the  last  two  points;  the  points  noted  U  and  0  were  under  and  over 
tempered  respectively.  Even  though  the  over  tempered  weld  was,  in  theory,  con¬ 
siderably  weaker  its  resultant  strength  was  far  superior  to  the  harder  under 
tempered  weld. 

Another  series  of  tests  was  conducted  utilizing  a  slightly  different  heat  treat¬ 
ment.  The  results  noted  in  Fig.  5  indicate  a  further  refinement  introduced  in 
this  series  of  testing.  In  evaluating  burst  strengths  a  considerable  amount  of 
non-linear  bulging  is  normally  noted.  'This  effect  can  be  compensated  for  and 
the  ti*ue  material  burst  strength  determined  by  carefully  measuring  the  resultant 
carviture  of  the  burst  vessel.  This  series  of  tests  was  considered  highly 
successful  despite  the  low  burst  values  of  vessel  #5  which  failed  at  a  weld 
defect  and  vessel  #6  which  failed  as  a  result  of  a  30%  mismatch  in  the  weld 
zone.  These  defects  were  readily  inspec table  and  would  not  occur  in  a  full 
scale  case. 

B-J!odified  Models 

The  results  shown  in  Fig.  6  are  indicative  of  testing  requiring  a  slightly  more 
sophisticated  subscale  vessel  than  those  discussed  above.  Ihis  particular  series 
of  tests  required  a  cylinder,  cold  worked  by  flow  turning,  which  was  welded  to 
machined  and  heat  treated  end  domes.  Since  different  heat  treatments  were  required 
for  the  cylinders  and  domes  (resulting  in  different  strengths)  greater  dimensional 
control  had  to  be  maintained.  This  series  of  tests  yielded  satisfactory  results 
and  it  is  interesting  to  note  the  fairly  close  correlation  with  prior  uniaxial 
data.  Additional  information  was  also  obtained  regarding  the  behavior  of  this 
particular  material.  Fig.  2  shows  one  of  burst  vessels  and  the  brittle  nature 
In  which  it  failed.  Because  of  the  extreme  brittleness  of  this  material  and  its 
sensitivity  to  stress  corrosion  (Fig.  7).  This  material  was  considered  unsuitable 
for  high  strength  cases. 

C-Detalled  Model 

The  strain  gaged  dome  shown  in  Fig.  3  and  the  burst  dome  shown  in  Fig.  8  are 
indicative  of  the  more  complex  model  required  to  evaluate  specific  design, 
develops  design  techniques  or  fabrication  details.  By  utilizing  applicable 
stress-coat  and  strain  gage  techniques  the  dome  shown  in  Fig.  2  contributed 
greatly  to  an  understanding  of  the  stress  distribution  around  non  symmetrical 
igniter  bosses.  This  dome  was  reoperated  following  pressure  testing  within  the 
elastic  range  of  the  material.  Utilizing  this  technique  considerable  data  was 
obtained  from  one  "test  specimen".  In  a  similar  manner  the  dome  shown  in  Fig.  8 
was  tested  to  evaluate  forging  techniques  and  their  effect  upon  the  resultant 
strength  of  the  material.  The  uniform  failure  of  this  model  indicate  that  the 
initial  estimates  of  its  material  properties  and  stress  distribution  were  reason¬ 
ably  accurate* 
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Pitfalls 


The  fundamental  question  which  usually  arises  in  any  discvission  of  subscale  results 
revolves  about  their  applicability  to  the  full  scale  rocket  cases .  Questions  of 
weld  control,  dimensional  tolerances,  etc.  are  obvioxis-the  full  scale  rocket  case 
will  only  be  as  good  or  as  bad  as  its  smaller  predecessors.  One  of  the  ma.ior 
problems  which  must  be  carefully  guarded  against  however  is  any  change  in  the  funda¬ 
mental  dimensions  of  subscale  model  relative  to  the  full  scale  case  (eg.  L/D  ratio). 
Biaxial  effects  in  theory  will  increase  the  yield  strength  of  a  cylinder  by  l^jE, 
while  distortions  due  to  yielding  have  increased  the  apparent  burst  strength  by 
as  much  as  2'^%  over  a  nominal  strength  level  calculated  by  ’’V't  .  Fig.  9  shows 
a  typical  correction  curve  for  a  10”  dia  cylinder  as  a  function  of  bulge  radius. 

Application 

The  proof  of  the  pudding  as  I  have  previously  stated  lies  in  the  final  testing 
of  the  complete  rocket  case.  The  full  size  case  usually  has  a  least  two  advant¬ 
ages  over  subscale  models  1)  it  is  larger,  therefore  more  accessable  and  more 
readily  inspected  and  2)  fabrication  is  usually  more  closely  controlled  tlian  in 
experimental  models.  Considering  tnese  advantages  it  is  not  surprising  that  all 
of  the  P&WA  full  size  cases  tested  to  date  have  bettered  or  equalled  the  results 
of  the  subscale  testing  without  "low”  scatter  points.  The  excellent  results 
obtained  with  the  large  cases  can  be  attributed  to  learning  well  the  lessons 
taught  by  the  small  scale  cases.  In  the  future  the  use  of  these  subscale  vessels 
can  be  extended  to  include  storage  and  handling  problems  as  well  as  the  more 
fundamental  development  problems. 

Conclusions 


All  the  results  of  a  number  of  subscale  programs  correlated  to  full  size  case 
results  indicate  that  model  tests  are  perfectly  feasible  method  of  predicting 
the  behavior  of  and  economically  developing  large  solid  rocket  cases. 
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Fig.  I 


AFTER  BURST  TEST 


17-7  STAINLESS  STEEL  PRESSURE  VESSEL  WHICH 


FIG.  2 


PRATT  a  WHITNEY  AIRCRAFT 
DIVISION  OF  UNITED  AIRCRAFT  CORPORATION 
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Fig.  3 


PRATT  a  WHITNEY  AIRCRAFT 
DIVISION  OF  UNITED  AIRCRAFT  CORPORATION 


CHRONOLOGICAL  WATERMELON  BURST  RESULTS 
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Fig.  A 


PRATT  a  WHITNEY  AIRCRAFT 
DIVISION  OF  UNITED  AIRCRAFT  CORPORATION 


WATERMELON  BURST  RESULTS 
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Fig.  5 
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Fig.  6 


17-7  PH  CYLINDER  AFTER  88  HRS. 
IN  SALT  SPRAY  ATMOSPHERE 


Fig.  7 


VI -86 


PRATT  a  WHITNEY  AIRCRAFT 
DIVISION  OF  UNITED  AIRCRAFT  CORPORATION 


14*  DIAMETER  DOME  FORGING  RUPTURED  IN  BURST  TEST; 
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Rocket  Casing  Behavior  Predicted  by  Laboratory  Tests 

By 

'J.  !)•  Marble 
General  Electric  Company 
Evendale,  Ohio 

ABSTRACT* 


The  behavior  of  a  full-size  Minuteman  solid-fuel  rocket  casing  is 
reviewed  and  compared  to  the  behavior  in  6-inch  diameter  cylinder  tests  and 
laboratory  tests  (primarily  a  flat-plate  bulge  test).  The  bulge  tests  were 
conducted  with  three  different  stress  ratios,  produced  by  three  different 
geometrical  configurations  of  bulging  die.  Primary  conclusion  is  that  yield¬ 
ing  is  a  function  not  only  of  stress  state,  but  also  of  geometry.  Even  though 
the  cylindrical  section  of  the  full-size  casing  and  the  sub-scale  cylinders 
obeyed  the  von  Mlses  criterion  for  yielding,  the  heads  of  the  casing  did  not 
behave  similarly.  The  heads  required  much  higher  than  predicted  stresses  to 
produce  yielding.  Overall  geometrical  instability  acted  as  the  criterion  for 
failure  in  many  of  the  six-inch  diameter  cylinders.  However,  localized  thin¬ 
ning  did  not  produce  local  instability  in  either  the  cylindrical  or  ellips¬ 
oidal  (head)  section  of  the  casing,  or  in  bulge-test  plates  simulating  a  30 
percent  loss  in  thickness  under  each  stress  field.  The  stresses  at  yielding 
were  considerably  different  in  the  different  stress-states  even  on  material 
heat-treated  identically,  and  were  much  higher  than  would  have  been  predict¬ 
ed  by  the  von  Mlses  criterion. 

These  seemingly  anomalous  behaviors  of  the  material  in  the  rocket 
casing  were  predicted  by  laboratory  flat-plate  bulge  tests  made  with  various 
stress  fields  applied  to  the  plates.  The  differing  behaviors  are  explained 
by  the  different  geometrical  instabilities  applicable  and  the  manner  of 
strain  buildup  (slip-line  field  generation)  over  the  entire  structure  to 
make  it  possible  to  achieve  a  specific  level  of  strain  at  a  local  area. 

Welded  panels  constituted  much  of  the  experimental  work,  being  done  prim¬ 
arily  to  simulate  behavior  in  a  girth  weld.  When  the  geometry  of  the  bulge 
specimen  was  sufficiently  stable »  minor  weld  defects  controlled  failure 
level  -  rather  than  its  being  controlled  by  structural  instability.  These 
minor  defects  were  measured  as  to  their  severity  and  correlated  with  fracture 
pressure  level.  Analysis  was  made  of  each  type  of  test.  Primarily  this  was 
a  comparison  of  stress-strain  behavior  in  the  various  stress  states,  using 
the  von  Mises  criterion  for  determining  effective  stress-effective  strain 
curves  for  specific  examples  of  the  various  tests.  On  this  basis,  the 
cylindrical  section  of  the  casing,  the  small  cylinders,  and  the  bulge -test 
with  stress-ratio  of  approximately  0.5  were  in  good  agreement  with  each 
other  and  with  uniaxial  tensile  tests.  However,  the  domes  of  the  full-scale 
rocket  casing  and  the  two  bulge  tests  simulating  portions  of  the  domes 


*  The  complete  paper  has  not  been  released  for  these  proceedings  up  to  the 
date  of  printing.  If  and  when  this  becomes  available,  a  supplement  will 
be  prepared  and  distributed. 
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with  stress-ratios  of  approximately  O.85  and  1.0,  deviate  considerably 
from  the  stress-strain  behavior  predicted  by  the  von  Mlses  criterion. 
These  deviations  are  explained  as  being  primarily  a  geometrical  phenom¬ 
enon. 
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Simulated  Service  Evaluations  of  Steels  for 
Solid  ^-Propellant  Missile  Motor  CaBes-*!^.. 

.  By 

K.  E.  Caiiie,  J.  M.,  Hodge,  R.  D.  Manning,  W.  J.  Murphy,  H.  J.  Nichols 

and  H.  M.  Reichhold 

■  i- ^  •  .  Approved  by  , 

.  -  ;  1 P. .  W. -Marshall,  iUsistfint  Director 

•  l'  ■  • 

ABSTRACT** 

-To  establish  the. performance  of  0.40  percent  carbon  martensitic  alloy 
-steels  luader  condi.1;,lpns  .more  nearly  simulating  thpse  encountered  in  service 
than  can  be  obtained  with  laboratory  tests,  and  to  obtain  further  information 
as  to  the  relationships  between  laboratory  tests  and  performance  under  simu¬ 
lated  service  conditions,  model  pressure  vessels  were  carefully  fabricated  from 
such  steels  and  hydrostatically  tested  to  destruction.  Five  vessels  were  fa¬ 
bricated  from  each  of  five  steels:  AISI  4130,  Airsteel  X200,  300M,  MBMC  No,l, 
and  H-11.  Sandwichrolled  sheets  of  these  steels  of  a  nominal  thickness  of 
0.080  inch  were  roll  formed  and  welded  into  12-inch-diameter  pressure  vessels 
under  closely  controlled  fabricating  cqnditions.  The  fabricated  vessels  were 
heat-treated  by  commercial  heat-treating  companies  in  vertical  controlled -at¬ 
mosphere  furnaces  and  were  carefully  inspected  for  flaws  by  X-ray  and  Magna- 
flux.  Laboratory  evaluations  on  the  materials  from  which  the  vessels  were 
fabricated  included  cross-section  microhardness  tests  for  decarburization, 
tension  tests,  and  fracture -toughness  tests.  After  burst  testing,  tension 
tests,  fracture -toughness  tests,  and  cross-section  microhardness  tests  were 
made  on  samples  cut  from  the  failed  vessels,  and  the  fracture  Initiation  sites 
were  critically  examined.  The  results  of  this  program  can  be  summarized  as 
follows:' 

1.  The  vessels  fabricated  from  AISI  4130  steel  with  yield 
strengths  in  the  range  of  173^000  to  186,000  psi  and 
with  high  fracture  toughness  all  showed  excellent  burst- 
test  i)erformance  with  burst  stresses  ranging  from  218,000 
to  255^000  psi. 

2.  Three  vessels  each  of  the  X200,  30OM  and  MBMC  No.  1  steels, 
which  were  decarburized  during  heat -treatment  and  had  yield 
strengths  of  204,000  to  2l6,000  psi  and  relatively  high 
fracture -toughness  values,  shoved  excellent  burst-test  per¬ 
formance  with  burst  stresses  ranging  from  242,000  to 
278,000  psi. 


*  (Progress  Report;  (ARL  40.02-070)  (2)  (TD-263)  (a-AS-NP-26) 

**The  complete  paper  has  not  been  released  for  these  proceedings  up  to  the 
date  of  printing.  If  and  when  this  becomes  available,  a  supplement  will 
be  prepared  and  distributed. 
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3.  Two  vessels  each  of  X200,  300M^  and  MBMC  No.  1  steels 
with  yield  strengths  of  254,000  to  251,000  psi  and 
with  relatively  low  fracture  toughness  exhibited  very 
low  burst  stresses,-  ranging  from  92,000  to  187,000  psi. 

4.  The  vessels  fabricated  from  H-11  steel  with  yield  strengths 
ranging  from  226,000  to  244,000  psi  and  with  low  fracture 
toughness  exhibited  a  brittle  burst-test  behavior,  shatter-- 
ing  into  many  pieces  on  bursting,  and  failing  at  stresses 
of  from  206,000  to  225,000  psi. 

Thus, .the  results  of  this  program  indicate  that  when  steels  of  relative¬ 
ly  high  fracture  toughness  (a  value  of  at  least  150,000  psi  -(Tn. )  and  yield 
strengths  up  to  220,000  psi  are  used  to  fabricate  pressure  vessels  of  the  type 
used  in  this  program,  satisfactory  hydrostatic  test  performance  can  be  expected. 
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PREPARED  DISCUSSION  -  SIXTH  SESSION 


By 

Jack  Sweet 


I  have  attempted  to  summarize  some  of  the  data  related  to  the 
application  of  tear  tests  to  aircraft  design  considerations.  About  a 
year  ago,  Boeing  ran  a  series  of  tests  to  evaluate  the  tear  resistance 
of  PH15-7  Mo  steel.  The  material  was  given  a  simulated  braze  cycle, 
and  aged  at  950  F,  which  treatment  produces  a  minimum  ultimate  tensile 
strength  of  225,000  psi.  This  is  the  proposed  treatment  for  the  PH15- 
7  Mo  to  be  used  in  sandwich  structure.  There  were  15  center-notched 
l8-inch  wide  specimens  tested  adequately  supported  by  bonded  doublers . 

The  tear  tests  indicated  that  with  a  gross  area  stress  of  a  100,000 
pqunds  per  square  inch,  O.Oi^^O  jnch  material  had  a  typical  critical 
crack  length  of  0.4  inch  at  70  F;  0.020  inch  material  had  a  typical 
crack  length  of  0.2  inch  at  70  F;  and  0.020  inch  material  had  a  typical 
critical  crack  length  near  0.1  inch  at  minus  65  F.  The  lowest  test  va¬ 
lue  indicated  the  critical  crack  length  less  than  0.05  inch. 

The  following  is  concluded  from  this  test; 

(1)  The  tear  resistance  of  PH15-7  Mo,  RH950  (braze 
cycle)  sheet  is  so  low  that  undetectable  cracks 
could  reduce  the  allowable  tensile  strength  be¬ 
low  100,000  psi. 

(2)  The  presence  of  any  hole  or  other  source  of  fa¬ 
tigue  cracks  presents  a  potential  hazard. 

(3)  Tear  resistance  of  PH15-7  Mo,  heat-treated  by 
the  RH95O  braze  cycle,  increases  with  increasing 
temperature,  increasing  sheet  thickness,  and 
decreasing  gross  area  stress  within  the  range 
tested . 

(4)  An  improved  heat  treatment  for  PH15-7  Mo  should 
be  selected,  and  resulting  tear  resistance  deter¬ 
mined.  The  determination  should  concentrate  in 
lower  temperature  environment . 

Two  braze  heat  treatments,  involving  a  simulated  braze  cycle, 
were  tested.  A  treatment  we  designated  as  RH  1100  (modified),  which 
gave  a  tentative  minimum  ultimate  of  176,000  psi,  and  TH  IO5O  (modified), 
which  gave  a  tentative  minimum  ultimate  of  188,000  psi,  were  selected 
for  test.  There  were  3^  specimens  tested  at  a  gross  area  stress  of 
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100,000  psi,  at  a  temperature  of  minus  65  F,  The  minimum  critical  crack 
length  for  the  TH  I050  (modified)  treatment  was  one  inch  and  that  for  the 
RH  1100  (modified)  treatment  was  somewhat  greater. 

It  was  concluded  from  this  series  of  tear  tests  that: 

(1)  The  RH  1100  condition  is  25  percent  more  tear-resistant 
than  the  TH  IO5O  condition. 

(2)  Both  conditions  are  in  the  order  of  10  times  as  tear- 
resistant  as  the  RH  950  condition. 

(3)  Tear  resistance  at  550  F  is  approximately  equal  to  that 
at  minus  65  F  in  both  the  RH  1100  condition  and  the  TH 
1050  condition. 

(U)  Tear  resistance  is  reduced  in  panels  loadfed’  transverse 
to  rolling  direction. 

(5)  Tear  resistance  is  reduced  in  lighted  gages. 

(6)  Cracks  longer  than  1.0  inch  may  be  critical  at  100,000 
psi  gross  area  stress  if  the  material  is  in  the  TH 
1050  condition. 

You  may  have  noticed  last  night;  in  one  of  the  slides  presented 
by  Dr.  Stack  that  the  old  braze  heat  treatment  cycle  for  the  BJO  was  de¬ 
signated  with  the  950  F  aging,  and  the  new  braze  heat  treat  cycle  was  de¬ 
signated  with  the  1050  F  aging,  which  would  result  in  material  with  a 
much  better  tear  resistance.  This  type  of  tear  data  serves  to  aid  the 
designer  in  deciding  when  he  should  reduce  ultimate  for  appreciable  in¬ 
crease  in  tear  resistance. 


PREPARED  DISCUSSION  -  SIXTH  SESSION 


"interpretation  of  Model  Tests  from  the  Point  of  View 
of  Fracture  Mechanics'* 

By 

H.  Bernstein 


A  great  deal  can  be  learned  from  burst  tests  on  small  pressure 
bottles.  Admittedly,  fabrication  problems  increase  by  some  order  of 
magnitude  when  full  scale  vessels  are  manufactured,  but  they  are  costly 
experimental  models.  Experimentation  with  small  bottles  is  a  more  prac¬ 
tical  approach. 

One  program  utilized  the  5  percent  Cr  hot  die  steel.  The  bot¬ 
tles  were  6  inches  in  diameter  x  13  inches  long  with  0.06  inch  wall.  The 
cylindrical  sections  were  welded  from  rolled  sheet.  The  heads  were  drawn 
and  attached  to  the  cylinders  by  circumferential  welds.  The  bottles  were 
carefully  inspected  and  it  is  assumed  that  the  flaw  level  was  uniform. 

The  bottles  were  heat-treated  to  a  range  of  strength  levels,  along  with 
tensile  coupons.  The  results  of  the  burst  and  tensile  tests  are  shown 
in  Figure  I.  Hoop  stresses  at  burst  exceeded  the  uniaxial  tensile 
strength  at  tensile  levels  below  265,000  psi.  Above  this  strength  level, 
burst  stresses  were  below  tensile  strength  and  demonstrated  a  good  deal 
of  scatter.  We  know  that  toughness  varies  inversely  with  strength  level 
i.e.^  the  high  strength  material  had  low  fracture  toughness,  which  in¬ 
creased  as  the  strength  decreased.  At  the  225,000  psi  strength  level, 
the  pressure  bottles  had  sufficient  toughness  to  demonstrate  ductile, 
predictable  behavior.  However,  as  the  strength  level  increased,  the 
toughness  fell  off  and  the  flaws  became  critical  at  the  265,000  psi  le¬ 
vel.  Above  this,  unpredictable  fracture  behavior  predominated,  as  shown 
by  the  rapid  fall  off  in  burst  stress. 

We  can  shift  the  crossover  point  in  the  direction  of  higher 
burst  strengths  in  two  ways  -  one,  by  increasing  the  toughness  of  the 
material  at  the  higher  strength  levels,  and  the  other  by  reducing  the 
flaw  size.  As  a  matter  of  fact,  if  flawless  pressure  vessels  could  be 
made,  we  would  expect  the  hoop  stresses  at  burst  to  parallel  tensile 
behavior.  Such  a  relationship  is  shown  in  Figure  2  for  Ladlsh  D6aC. 

The  vessels  were  simple  cylinders,  10  inches  in  diameter  x  20  inches  long, 
fabricated  by  machining  forged  rings.  The  ends  of  the  cylinders  were 
plugged  for  testing.  The  data  show  that  the  burst  stress  was  usually 
equal  to  115  percent  of  the  uniaxial  strength.  It  would  be  unrealistic 
to  claim  that  there  were  no  flaws  in  the  Ladlsh  cylinders.  There  cer¬ 
tainly  were  small  inherent  flaws  in  the  parent  metal  such  as  inclusions. 
However,  there  were  no  welds  and  the  fabrication  flaws  evidently  did  not 
attain  critical  dimensions. 
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If  flawless  pressure  vessels  could  be  made^  then  the  only  test 
required  would  be  the  simple  tensile  test..  The  experiences  of  those  who 
have  examined  hydrotest  failures  indicate  that  the  day  of  perfection  is 
a  long  way  off.  What  then  can  we  do  to  improve  the  reliability  of  high 
strength  pressure  vessels?  Jliere  are  three  approaches  to  this  problem. 
Firsts  we  need  more  toughnessi- at  high  strength  levels.  However,  in  view 
of  the  limited  progress  that  has  been  made  in  this  direction  in  the  past 
two  years,  we  would  be  overoptimistic  to  expect  a  toughness  brea.kthrough 
via  a  new  formulation  or  heat  treatment.  Second,  we  need  new  inspection 
techniques  and  better  inspection  to  eliminate  flaws.  Third,  we  have  to 
learn  how  to  handle  brittle  materials.  It  is  apparent  by  now  that  the 
demands  for  higher  strengths  and  higher  toughness  will  continue  to  out¬ 
pace  the  supply.  If  metals  are  to  continue  to  dominate  in  pressure  ves¬ 
sel  applications,  all  three  approaches  must  be  vigorously  pursued. 
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BIAXIAL  STRESS  TESTS  OF  MINIATURE  PRESSURE  VESSEIE 


(  Discussion  offered  by  J-  W.  Goodman,  STL.,  at  the  Seventh  Sagamore 
Ordinance  Materials  Research  Conference  on  Properties  of  Sheet  Materials, 
Allgust  19,  i960.) 

I^ _ INTRODUCTION 

The  biaxial  stress  tests  reported  herein  arose  from  a  program  at  Space 
Technology  Laboratories  aimed  at  the  development  of  Pressure  Vessel  Design 
Criteria,  xn  connection  with  rocket  cases  and  gas  storage  bottles.  Although 
the  brittle  fracture  problem,  was  recognized,  primaiy  info.rmation  desi.red 
from  the  burst  tests  was  the  behavior  of  pres.sure  vesse.ls  if  "premature 
failure"  vere  somehow  avoided.  The  upper  limit  on  strength  is,  of  course, 
tensile  instability  .in  which  the  true  stress  in  the  material  increases 
faster  than  the  pressure;  evidence  of  the  attainment  of  this  limit  and 
determination  of  the  instability  stress  were  sought. 

In  the  beginning  of  the  program,  the  emphasis  was  .not  on  burst  tests  at 
all,  but  rather  on  local  ductility  and  the  effects  of  discontinuities. 

A  uniaxial  specimen  wl.th  a  simulated  weld  m:i.sm.ateh,  but  no  weld,  underwent 
extensive  tests  with  4,340  sneei.  These  results  and  .fracture  strains  from 
wide  bend  tests  indicated  .fairly  high  local  ducti.litvy  for  the  material 
tested  and  we  began  to  look  elsewhere  for  causes  of  low  burst  stresses  in 
large  pressure  vessels  A  logical  starting  point  wa,®  a  subscale  vessel; 
a  miniature  spec,imen  was  devised  and  systematic  b,i.ax.:lal  stress  testing 
began  in  19.59- 

The  first  material  tested  was  4 ‘<40  a.irmel*.  bar  s’:ock  at  seven  (7)  strength 
levels  because,;  (a)  It  m.xght  be  poss-iole  to  correlate  burst  data  with  the 
previous  work  and  ft)  it  was  a  well  known  materialc,  Laalsh  d6aC  was  then 
becoming  prominent  a,rjLd  t  ne  second  series  of  tests  used  this  stee.l  at  nine 
(9)  strength  levels.  Or;  a  much  smaller  scale  were  .investigations  of  6A1~4v 
titanium  alloy  and  71^8  aluminum  ai.lo,y 


II ,  TEST  METHOD 


The  specimen  shown  in  Figure  I  was  seiecred  because  it  offered  economy  of 
manufaeturev  adaptab.:  11  ty  to  various  stress  fields,  freedom  from  welds  and 
other  discontinoitl es .  and  simplicity  or  required  test  equipment.  The 
vessel  is  2"  in  diameter,  with  an  050"  wall  thickness  and  has  internal 
and  external  shoulders  to  acco.TDodate  exterrjally  applied  end  loads.  Coupons 
heat  treated  with  the  vessels  were  cut  from  flattened  tubes  and  included 
tensile,  wide  bend,  and  Allison  Lostrumented  Bend  test  speaimens.  Apparently 
because  of  the  flattening,  these  coupons  were  nor  representative  of  the 
material  in  the  vessels 
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The  various  stress  fields  were  obtained  by  varying  the  ratio  of  end  load 
to  internal  pressure  thereby  achieving  axial-to-circumferential  stress 
ratios  of  IsO  (uniaxial  tension)^  2;1,  1;1^  ls2  (pressure  only)  and  Os'l 
(hoop  tension  oniy).  A  close  fitting  internal  plug  reduced  the  energy 
stored  in  the  hydraulic  medium.  Two  post  yield  stredn  gages  were  installed 
on  each  specimen;  their  putputs  were  combined  with  signals  from  a  pressure 
transducer  to  feed  x-y  plotters.  The  end  product  was  full  range  biaxial 
stress -strain  curves  as  shown  in  Figure  2. 


III.  TEST  RESULTS 


A  natural  base  point  for  presenting  the  results  of  burst  tests  is  the  uni¬ 
axial  strength,  based  on  tensile  tests  (isO)  of  the  vessel  itself.  As  shown 
in  Figure  3  the  strength^hardness  relations  of  43^  and  d6ac  coincide. 

Kie  hardness,  of  course,  is  not  absolute,  especially  since  meastirements 
were  made  on  buttons  cut  from  the  .0,50"  walls  of  the  vessels. 

Figure  4  shows  the  nominal  ultimate  strengths  of  4340  bar  stock  in  several 
stress  fields.  The  uniaxial  strength  is  designated  1;0  and  tests  with 
internal  pressure  only  are  the  1;2  band.  Discrepancy  between  1;2  burst 
strength  and  2:1  is  due  in  part  to  anlsotroiy  and  in  part  to  the  different 
instabilities  of  the  cylinder  in  different  stress  fields.  The  1;1  strength 
is  generally  slightly  below  uniaxial.  The  G  group  of  specimens  is  notice¬ 
ably  out  of  line  due  to  apparent  variation  in  composition.  The  obvious 
feature  of  these  results  is  the  erratic  behavior  above  28o/KSI/UTS  as  shown 
by  the  "fan".  The  cause  of  these  premature  failures  is  not  known;  the 
vessels  show  no  difference  in  microstructure,  number  of  defects,  or  mode  of 
fracture  (shear)  from  those  vessels  which  reached  full  strength. 

Figure  5  shows  the  contrasting  behavior  of  vacuum  melted  Ladlsh  D6AC  vessels 
machined  from  individually  extruded  forgings.  The  same  relative  sequence 
of  strengths  is  seen;  2:1,  1:2,  1;0  and  Isl.  Note  first  that  no  abnormally 
low  failures  occurred,  although  some  scatter  Is  present.  (The  black  points 
represent  variations  from  the  basic  heat  treatment  emd  are  not  related  to 
the  scatter  bands).  The  1:2  burst  stresses  above  300  KSI  suggest  that 
some  materials  in  geometrically  and  metalliirgically  clean  vessels  might  be 
able  to  use  this  range. 

About  eight  (8)  each  717Q-T6  alvaninum  and  6A1-4V  titaniian  vessels  were 
tested  in  the  various  stress  fields.  In  general  the  titani.um  showed  very 
high  2:1  properties  but  low  strain  capability  in  the  1:2  and  1:1  fields 
presumably  because  of  forging  defects.  The  aluminm  was  very  anisotropic 
and  no  appreciable  Increase  of  biaxial  over  uniaxial  strength  is  present 
in  either  direction. 


IV. _ COMMENTS  AND  CONCIXJSIONS 

The  upper  limit  on  strength  of  a  presstire  vessel  is  tensile  instability, 
the  attainment  of  which  may  be  construed  as  one  measure  of  the  merit  of 
the  material  and  the  design  of  a  given  vessel.  The  tabulation  in  Figure  6 
shows  the  contrasting  behavior  of  vacuum  melted  D6AC  and  aircraft  quality  4340. 


The  achievement  of  tens.i.le  instab.l,.ll,ty  vas  judged  from  the  e.xperimental 
biaxial  stress-strain  or  pressure-strain  diagrams  solely  on  the  presence 
of  a  horizontal  tangent «  Of  course,  specimens  which  failed  early  include 
a  few  marked, ly  premature  failures,  before  or  at  yield,  as  well  eis  some 
which  exhibited  considerable  plastic  flow  but  did  not  qul.te  reach  instabi¬ 
lity.  The  D6aC  vessels  reached  instability  far  more  frequent.ly  than  the 
4340  and  it  appears  that  no  1:2  tests  of  4,340  got  there  because  of  the 
limited  transverse  ductility  of  t.hj,s  air  melted  bar  stock. 

Whereas  during  the  past  year  or  so  our  effort  has  been  ma3,nly  on  testing, 
our  activity  in  the  near  future  'will  be  analytical,  beginning  with  an 
incremental  elastic-plastic  solution  to  instability  of  a  pressure  vessel, 
based  on  the  \mi axial  stress -strain  curve. 

The  immediate  conclusions  to  be  drawn  from  these  tests  are  as  follows; 

1.  The  miniature  pressure  vesse.l  is  an  exce,llent  vehicle  ,for  the  deter¬ 
mination  of  plastic  behavior  of  materials  and  strength  characteristic 
of  the  tensile  instability  mode  of  fadlure  in  biaxial  stress  fields. 

2.  If  prematiire  fractures,  before  or  at  yield,  occur  in  miniature  vessels 
of  a  given  material,  liill  scale  pressure  vessels  would  be  even  more 
susceptible  to  this  type  of  failure. 
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r’igure  1.  Miniature  Pressure  Vessel 
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MAXIMUM  PRINCIPAL  ENGINEERING  STRAIN 


MAXIMUM  PRINCIPAL  ENGINEERING  STRAIN 


Figure  2.  Biaxial  Stress- Strain  Curves  for  D6AC 
Tempered  at  1075°F  (Above)  and  400°F  (Below) 
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BIAXIAL  ULTIMATE  STRENGTH -KS I 


AISI  4340  AIR  MELT  STEEL 


Figure  4.  Nominal  Ultimate  Strength  in  Various 
Axial-to-Circumferential  Biaxial  Stress  Fields 
for  Air  Melt  AISI  4340  Steel 
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LADISH  D6AC  VACUUM  MELTED  STEEL 


Figure  5.  Nominal  Ultimate  Strength  in 
Various  Axial-to-Circumferential  Biaxial 
Stress  Fields  for  Vacuum  Melted  D6AC  Steel 
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NUMBER  OF  SPECIMENS  ACHIEVING 
TENSILE  INSTABILITY 
(ANALYTIC  MAXIMUM  ON  ENGINEERING 
STRESS-STRAIN  DIAGRAM) 
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STEEL 
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Figure  6.  Comparison  of  Air  Melt  4340  and  Vacuum  Melt 
D6AC  Steels  on  Attainment  of  Tensile  Instability  in 
Biaxial  Stress  Fields 
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TRANSCRIEED  DISCUSSION  -  SIITH  SESSION 
Seventh  Sagamore  Conference 


J«  D,  Marble  In  relation  to  this  question  about  flaw  size,  I 
can  state  that  a  0,010  inch  dia,  pore  in  a  0,07^  inch  wall  thickness 
(where  the  weld  had  been  benched  to  equal  thickness  with  the  wall)  was 
tolerated  at  a  stress  level  of  300,000  psi,  with  no  apparent  change  i|^ 
size  of  the  pore  as  revealed  by  x-ray  before  and  after  test. 

J,  E,  Srawley  Concerning  Mr.  Marble's  remark  about  flaw  size  and 
this  question  of  inspection,  I  would  like  to  point  out  one  thing,  idiich 
I  think  we  all  realize.  That  is,  for  a  given  size  flaw,  the  more  nearly 
spherical  it  is  the  easier  it  is  to  find  by  inspection,  and  the  less 
damaging  it  is.  The  more  damaging  it  is,  the  more  difficult  it  is  to  find 
by  inspection.  In  other  words,  a  round,  blunt  flaw  is  easy  to  find  ly 
inspection,  while  a  tight,  sharp  crack  of  the  same  diameter  is  difficult 
to  find  by  inspection, 

A,  G«  Holms  I  believe  that  Dr,  Srawley  refers  to  the  ability 
of  X-rays  to  detect  a  relatively  harmless  class  of  defects,  namely  round 
pores,  and  that  a  more  harmful  class,  namely  cracks,  are  more  difficult 
to  detect.  I  would  like  to  add  that  the  methods  of  nondestructive 
testing  are  complimentary  and  that  sonic  and  penetrant  inspections  are 
relatively  poor  for  detecting  pores  but  they  become  especially  efficient 
for  detecting  cracks. 

J,  D.  Marble  I  certainly  agree  upon  this '  point  of  difficulty  of 
inspection.  One  thing  we  have  done,  as  you  know,  is  to  develop  an  ultra¬ 
sonic  procedure  which  did  pick  out  the  items  which  were  harder  to  find 
by  radiographic  inspection.  We  have  found  in  a  few  instances  that  defects 
which  passed  by  our  special  ultrasonic  inspection,  did  result  in  reduced  fracture 
strength. 

J.  E.  Srawley  In  regard  to  the  notch  tests  which  failed  to  show 
the  650  y  tempering  embrittlement,  were  these  sharp  notch  tests? 

G,  K.  Bhat  These  are  K^.  8  and  up  to  12,^  we  could  not  get  to 

17.5.“  ^ 

J.  E.  Srawley  The  second  question  relates  to  the  high  values 
shown  by  the  biaxial  tests  at  lower  tempering  temperatures,  at  least 
that's  what  it  seemed  to  show  to  me.  How  would  you  interpret  this  with 
relation  to  the  question  of  retained  austenite  which  was  discussed 
earlier  in  this  conference? 
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G.  K,  Bhat  We  hare  tried  to  assess  the  amount  of  retained  austenite. 
In  the  first  place,  we  have  designed  the  steel  in  such  a  manner'  that  the 
Ms  and  M  temperatures  are  high  enough,  and  in  the  second  place,  the  X-ray 
evidence  showed  that  we  have  less  than  1  percent  retained  austenite.  As 
a  matter  of  fact,  the  tests  were  negative.  In  all  of  our  program  we  are 
at  least  making  an  attempt  "to  keep  the  M  temperature  high  enough  so  that 
we  obviate  the  possibility  of  retained  austenite, 

G,  Sachs  It  appears  from  this  and  other  talks  that  miariy  people 

attempt  to  obtain  pertinent  information  from  some  test  other  than  uniaxial 
tensionj  such  as  some  spherical  heads  or  bulges  formed  from  flat  sheet,  A 
head  is,  of  course,  similar  to  a  preformed  bulge,' and  the  stress  state  for' 
both  is  near  1  to  1,  The  major  interest,  however,  relates  to  the  cylindrical 
portion  of  the  case  or  the  stress  state  2:1,  In  addition  to  the  rather 
expensive  testing  of  model  cases,  a  number  of  simpler  tests  are  available 
and  may  be  suitable  for  investigating  the  2  to  1  stress  state,  such  as  a' 
beadj  a  sheet  specimen,  stretch  formed  or  otherwise  laterally  restrained, 

«  preformed  cup,  etc, 

A,  Hurlich  May  I  try  to  answer  part  of  that.  Because  I  limited 
nyself  to  l5  minutes  at  the  beginning,  I  just  have  time  to  cover  some  of 
these  points  that  Dr.  Sachs  raised,  I  did  point  out  that  in  our  tests  we 
did  fatigue  tests  and  rupture  tests  on  full  scale  tanks  and  got  basic  data 
oh  the  performance  of  the  large  structure.  This  is  all  well  and  good  but 
it  is  too  expensive  to  do  very  extensive  tests  of  this  type.  We  then  went 
to  the  U-inch  wide  axially  loaded  fatigue  test  specimen^ ,  using  the  same 
gauges  and  materials  as  we  did  on  the  full  scale  tanks,  and  duplicated  the 
missile  weld  joint  design.  We  did  reproduce  the  fatigue  beha'vior  and  the 
fracture  chhracteristics  that  we  got  on  the  full-scale  tanks  at  room 
temperature,  at  liquid  nitrogen  tenperature,  and  at  liquid  hydrogen 
temperature.  Then,  because'  it  cost  about  $^0  to  make  the  specimen  and  about 
1500  to  run  a  complete  test,  we  looked  around  for  a  still  cheaper  test 
method  -that  would  give  us  useful  data  to  screen  candidate  materials  and 
evaluate  their  applicability  to  this  t;^e  of  pressure  vessel.  What  we  now 
use  are  notched  and  uimotched  tensile  specimens  and  we  enploy  the  notched- 
unnotched  tensile  ratio  as  a  criterion,  Otjt  notched  specimen  has  somewhat 
different  dimensions  than  Bill  Brown’s  but  gives  generally  the  same  type  of 
data.  We  use  the  stress  concentration  factor  calculated  from  the  square 
root  of  A  over  R  as  6,3,  but  by  the  new  Meuber  method  it  is  13.6,  twice  that 
plus  one.  We  find  that  we  correlate  the  notched-unnotched  tensile  ratio 
with  the  fatigue  performance  at  the  same  testing  temperature.  When  we  have 
a  notched-unnotched  ratio  that  was  essentially  unity  or  higher,  we  had  a  ' 
predictably  high  fatigue  life.  When  we  had  a  low  notched-unnotched  ratio-, 
the  fatigue  life  was  low,  and  the  lower  it  was,  the  poorer  was  the  fatigue 
life.  We  use  the  notched-unnotched  tensile  ratios  as  the  first  screening 
test  and  then  conduct  the  fatigue  test  on  the  U-inch  wide  specimen  on  the 
more  promising  materials.  So  I  think  this  answers  the  question  that  Dr. 

Sachs  raised.  This  recounts  the  de-velopment  of  a  series  of  laboratory 
tests  irtiich  can  be  used  -jx*  evaluate  the  end  product  quite  satisfactorily  at 
least  ip  our  thin-skinned  tanks  of  the  Atlas  missile. 


VI-108 


J,  D,  Marble  As  Dr,  Sachs  noted^  he  previously  used  some  bulge 
tests  which  did  simulate  the  2sl  biaxisj!  stress  ratio,  VTe  have  also 
used  this  type  bulge  test  very  successfully,  I  am  sorry  that  I  cannot 
describe  our  results |  some  of  them  are  in  the  paper  that  I  was  expecting 
to'give, ■  There  is  a  part  of  Dr,  Sachs'  question  that  I'd  Idke  to  ask 
Dr,  Bhat,  Did  not  the  l8l  biaxial  stress  ratio  tests  which  he  performs 
exhibit  the  same  yielding  behavior  and  strengths  as  were  recorded  in 
the  head  of  the  full-scale  rocket  case  made  of  the  same  alloy?  Are  you 
allowed  to  discuss  that? 


G,  K,  Bhat 
using  these  domes . 


I  think  it  does.  We  have  actually  two  tests,  one 
In  order  to  give  you  people  who  are  cost  conscious 


some' idea  of  the  cost,  this  test  cost  us  less  than  a  notch  test.  Actually 
the  cost  is  about  $7  with  the  strain  gages  on  the  dome,  excluding  manpower 
costs.  We  have  also  used  the  5,7  inch^  27  inches  long  vessel  to  get  our 
2*1  and  this  test  costs  us  about  $30. 


J«  D,  Marble  I  don't  think  you  quite  answered  the  question  that  I 
asked,  fhe  question  was*  How  similar  is  the  stress-strain  and  the 
yielding  behavior  in  the  full-scale  rocket  case  dome  to  your  hemispherical 
bulge  test? 

G,  K,  Bhat  The  full-scale  vessel  had  too  many  openings,  the 

Polaris  2nd' stage  case,  but  if  you  take  strain  gauge  readings  particularly 
At  the  apex,  it  did  compare  very  well  with  the  biaxial  dome  test.  But 
if  you  take  strain  readings  some  other  place  it  did  not. 

So  Mertz  I  noticed  that  in  your  cup  test,  what  started  out 
as  something  hemispherical  ended  up  as  something  rather  short-nosed. 

Did  you  make  correction  for  this  change  in  contour  in  calculating 
stresses? 


Go  attempting  to  make  these  corrections  for 

ellipsoidal  head  shapes.  This  is  wly  we  have  used  this  extrapolated 
values.  In  the  hemispherical  cup  this  correction  is  not  indicated. 

We  are  talking  to  the  stress  analysts  and  trying  to  use  some  of  the 
corrections  they  have  informed  us  of, 

■^0  your  figure  9,  Dr,  Fnat,  you  show  some  results 

of  testing  after  decarburization,  I  understand  that  you  have  either 
decarburized  0,003  or  0,006  inches,  I  would  Judge  therefore,  that  the 
decarburization  is  from  both  sides  of  the  sheet  so  that  the  metal, 
unaffected  by  decarburization,  drops  down  to  either  0,07ii  or  0,068 
inches  from  the  nominal  thickness  of  0.080  inches.  Am  I  interpreting 
your  graph  correctly? 


G,  K,  Bhat 


Yes. 


J,  Sheehan  What  function  does  cobalt  play  in  the  formulation 


of  your  steel? 
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G,  Ko  Bhat  I  would  like  to  defer  that  as  to  the  next  paper  we  are 
presenting  shows  the  effect  of  cobalt.  In  the  first  place  we  belieVe  that 
cobalt  gires  us  a  real  fine  structural  matrix,  and  in  order  to  do  any  high 
strength  alloy  development  work,  particularly  increasing  carbon,  the  need 
for  cobalt  in  the  matrix  seems  ob^ous 

1,  Schapiro  Mr,  Voth,  among  the  many  advantages  you  listed  for  the 
strip  woxind  vessel  was  that  three-D  machining  was  not  necessary.  Since  it 
is  my  understanding  that  three-D  machining  is  not  being  applied  to  the 
cylindrical  body  of  arybody's  vessel  but  only  to  the  end  members,  I  assume 
that  you  inferred  that  there  was  not  any  three-D  machining  of  end  members 
required.  Will  you  illustrate  how  the  strip  winding  makes  the  end  member? 

Ro  Jo  Voth  I  don't  recall  putting  that  in  the  paper.  The  contem- 
plated  method  of  head  fabrication  is  explosive  forming  of  Chem-milled 
blanks  to  achieve  the  integral  bosses,  then  resistance  welding  these 
heads  to  the  cylindrical  portion. 

S,  V,  Arnold  Do  you  coat  the  strip  prior  to  the  winding  operation  or 
coat  ?he  vessel  afterwards? 

R,  J,  Voth  Never, 

3,  V,  jtrnold  It  occurred  to  me  that  you  have  what  amounts  to  capillary 
passages  between  the  strips,  I  wondered  idiether  these  might  not  channel 
moisture  to  the  residually  stressed  areas  around  the  spot  welds  and  so 
promote  stress  corrosion  cracking.  Have  you  encountered  this  or  checked  for 
it? 


R,  J,  Voth  We  have  done  no  checking  on  this.  There  has  been  no 
evidence,  to  jny  knowledge,  of  stress  corrosion  cracking  resulting  in  any 
ultimate  failure  at  a  value  which  we  would  consider  a  premature  failure. 

Once  the  many  parameters  of  variables  had  been  ironed  out,  we  had  a 
variation  in  burst  strength  of  approximately  6  to  7  percent  in  the  latter 
stages  of' the  program.  The  lowest,  I  think,  in  the  last  twelve  chambers 
was  a  269,000  psi  hoop  stress  burst  strength  which  I  don't  feel  can  be 
considered  as  a  prematiire  failure, 

A,  Hurlich  With  respect  to  Mr,  Arnold's  comments,  faying  surface 
stress  corrosion  does  occur  even  in  stainless  steel  and  is  a  serious  problem. 
I  would  anticipate  that  this  could  be  a  serious  problem  in  wrapped  cases 
that  would  have  to  be  solved  by  applying  a  protective  coating  on  the  outside 
that  would  not  permit  any  moisture  to  get  in  between  the  various  layers, 

J,  F,  Watson  In  addition  to  the  advantages  you  mentioned,  we  have 
found  one  other  very  important  advantage  in  the  spiral  wrap  process  when 
dealing  with  cold  rolled  materials.  This  advantage  is  that  it  is  possible 
to  cold  roll  the  thinner  gauges.  Consider  a  ,080  inch  thick  pressure 
vessel  where  you  could  use  either  eight  layers  each  ,010  inch  thick  in  the 
spiral  wrap  concept,  or  one  layer  ,080  inch  thick  in  the  more  usual 
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technique.  In  the  300  series  cold  rolled  stainless  steels  as  well  as 
grades  such  as  AM  3^0  and  AM  355 j.  it  will  be  found  that  the  ,010  inch 
thickness  can  be  obtained  at  a  much  higher  strength  level  than  the 
«080  inch  material, 

J,  Ap  Kies  In  hydrotestSj,  where  the  burst  pressure  or  burst 

stress  is  given^  we  are  not  told  what  the  bulging  or  plastic  deformation 
is.  At  the  time  of  bursty  the  chamber  usually  has  already  had  so  much 
plastic  strain  that  it  would  be  inoperable.  Therefore  we  ought  to 
specify  idien  we  make  these  tests  what  the  real  criterion  for  usefulness 
is,  A  great  deal  of  bulging  prior  to  fracture  may  seem  reassuring  but 
it  is  probably  not  useful  in  service, 

R,  T,  Voth  This  is  true,  I  don't  know  whether  anyone  has  ever 
tried  to  bulge  " razor  blades  beforej,  but  this  material  which  we  are  using  - 
is  probably  more  brittle  than  razor  blades,  I  will  say  that  the  elongation, 
as  well  as  we  could  measureg  was  less  than  half  of  one  percent.  In  this 
particular  instance  you  will  get  the  Pl/AE  stretch  of  the  material  under 
stress 'but  you  will  get  no  plastic  yielding  because  the  material  is  not 
plastic.  So  in  that  instance  you  can  design  to  ultimate  strength  of  the 
material  in  as  much  as  the  yield  and  ultimate  are  identical, 

J,  A,  Kies  You  said  that  this  material  is  brittle  and  has  less 
than  l'  percent  elongation.  These  two  terms  do  not  mean  the  same  thing,’ 

This  may  be  a  notch  tough  material  but  one  with  a  low  static  elongation, 

R,  T,  Voth  In  addition  to  this  particular  question,  we  have 
seen  that  the  values  of  the  material  in  other  monolithic  cases  have 
had  to  be  somewhere  in  the  range  of  900  to  1,000  to  achieve  good  burst 
strength  and  to  achieve  the  multiaxial  strength  in  excess  of  the  uniaxial 
tensile  strength.  The  material  in  which  we  are  working  had  a  Gq  value 
only  of  approximately  2^0,  and  maybe  because  of  or  in  spite  of  this  value 
we  are  still  achieving  burst  strengths  in  the  300,000  psi  range, 

E,  R,  Hertz  One  point  you  Just  mentioned  which  I  think  is  very 
worthwhile  is  the  good  dimensional  control  in  the  strip  winding  procedure. 
We  have  in  the  past  used  a  similar  type  of  thing  and  it  has  excellent 
concentricity,  that  is,  the  accuracy  of  the  final  product  is  as  accurate 
as  you  can  machine  the  mandrel »  Inasmuch  as  the  lathe  turning  operations 
can  be  within  a  few  thousandths  of  an  inch  in  concentricity,  you  can 
expect  this  in  the  final  case  since  you  get  no  heat-treating  distortion 
and  no  warpage  thereafter, 

H,  A,  Jahi^e  There  are  methods  of  preventing  stress  corrosion 
around  the  weld.  There  are  processes  for  metals  such  as  AM  355  recom¬ 
mended  by  Allegheny  Ludlum.  These  consist  of  post  tempering  treatments 
after  welding.  Another  method  we  use  is  the  planishing  the  weld  zones 
immediately  after  welding,  that  is,  a  cold  forging  operation.  There 
are  a  number  of  coatings  available  which  will  do  an  excellent  job. 
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On  bend  ductilityj  although  in  a  tensile  coupon  elongations  of  1, 

2.  or  5  percent  may  be  obtained  in  a  350^000  psi  ultimate  material,  we 
can  bend  this  material  to  a  3  or  U  t  radius*  This  is  fairly  good. 

I  have  one  question  about  the  multiple  wrap.  What  problems  do  you 
have  in  localised  buckling  between  resistance  welds?  How  do  you  know 
that  the  seven  or  eight  sheets  are  resisting  the  internal  pressure  equally 
at  all  times? 

Ro  T„  Voth  I  think  you  noticed  on  the  first  slide,  that  there  was 
a  considerable difference  between  inside  and  outside  layers  stress  level. 
This  has  been  attributed  to  deflection  of  the  wrapping  mandrel  due  to  the 
ihrap  tension  which  is  applied.  We  are  using  approximately  10,000  psi 
.  wrapping  tension  and  we  have  not  as  yet  worked  out  the  final  variation  in 
wrapping  tension  from  layer  to  layer  to  achieve  uniform  distribution  of 
stress.  We  are  sure  that  by  either  analytical  means  or  by  testing,  we 
will  be  able  to  come  up  with  a  variation  in  this  wrapping  tension  to 
achieve  uniform  distribution  through  the  many  laminations. 

A.  Hurlich  I  can  add  something  to  that  because  we've  made  a 
number  of  li-ply  vessels  out  of  cold-rolled  301  and  after  fracture  you  can 
see  the  Luders  lines  and  plastic  deformation  around  each  spot  weld.  If 
you  break  apart  the  four  layers  you  will  see  exactly  the  same  deformation 
pattern  around  each  and  every  spot  weld  so  that  every  layer  and  every  spot 
weld  is  carrying's  pretty  uniform  load  compared  to  all  the  other  spot  welds 
in  the  structure. 

H«  A.  Jahnle  We  have  also  made  multiple  wrapped  cases  where  buckling 
has  been  of  concern.  Test  results  have  been  fairly  good,  though, '  One  of 
the  problems  here  is  in  making  sure  that  you  have  a  good  resistance  weld 
through  more  than  2  thicknesses  of  metal, '  We  use  an  automatic  control, 
Monautronic,  which  guarantees  a  good  weld, 

R,  D,  l\ila  I  would  like  to  make  a  short  comparison  between  cold 
rolled  type  301  and  the  cold  rolled  Ph  steels.  The  cold  rolled  Ph  steels 
can  develop  much  higher  strength  than  Type  301.  In  fact,  the  highest 
strength  attainable  in  the  Ph  steels  is  at  least  100,000  psi  higher  than 
in  Type  301.  The  same  strength  can  be  attained  in  Ph  steels  with  the 
smaller  amount  of  reduction  which  is  a  definite  processing  advantage. 
Elongation  of  cold  rolled  Ph  steels  also  is  considerably  higher  than  in 
Type  301. 
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R.  J,  Voth  On  the  next  to  the  last  slide  your  burst  strengths 

of  approximately  3^0 j, 000  psi  were  corrected  for  bulging,  but  were  there 
any  corrections  made  for  the  length  consideration  of  the  cylinder?  You 
mentioned  earlier  in  your  talk  that  the  diameter  on  watermelon  cylinders 
was  about  9ok  and  the  length  of  the  cylinder  was  about  and  with  a  he¬ 
mispherical  head  this  would  make  it  nearly  a  sphere  with  a  PR/2t  rather  than 
a  PR/t  stress.  Do  you  have  that  correction  in  there? 

E»  C«  Schneider  This  correction  is  in  there.  One  thing  I  would 
like  to  tell  you  is  this.  This  bulge  radius  sometimes  will  follow  the  full 
length  of  the  cylindrical  section,  other  times  it  will  not.  You  cannot 
take  this  bulge  as  applying  basically  the  L/d  of  the  vessel.  You  have  to 
look  at  the  bulge  itself,  sometimes  the  length  of  the  bulge  will  only  oc¬ 
cur  over  half  the  cylinder  length,  so  this  correction  is  in  there  and  com¬ 
pensated  for  the  particular  vessel, 

L,  Schapiro  Referring  to  that  same  table  of  eight  values,  were 

all  of  them  the  same  type  vessel? 

Eq  C,  Schneider  Yes,  they  were  all  the  same  diameter  vessels#  The 
length  was  not  exactly  the  same  in  each  one.  They  probably  varied,  give  or 
take,  an  ich  or  two,  with  girth  welds  at  the  center, 

L,  Schapiro  Did  the  bulge  span  this  weld  or  did  it  occur  on  one 

side  or  the  other,  or  both  sides? 

E,  C«  Schneider  The  bulge  did  not  uniformly  span  the  girth  weld.  At 
the  girth  weld  the  thickness  of  the  vewssel  was  increased.  The  entire  length 
of  the  cylinder,  including  the  girth  weld,  bulged  in  some  cases  \rtiile  in 
others  it  only  bulged  between  the  weld  and  the  dome, 

J,  Hamaker  Perhaps  we  should  recall  a  point  that  Mr,  Powell 

mentioned  in  his  report.  The  H-11  welding  wire  is  lower  in  carbon  content 
than  the  sheet?  this  was  worked  out  several  years  ago.  It  is  the  problem 
that  Prof,  Adams  touched  on  the  other  days  we  should  match  the  welding 
wire  properties  and  not  the  composition.  This  has  been  done  for  H-11, 

L,  Schapiro  In  connection  with  this  I  assume  the  weld  bead  is 

not  uniformly  the  same  thickness  as  the  wall  in  spite  of  the  ductility  that 
you  are  speaking  of,  and  this  is  why  I  assume  that  there  might  be  some  ri¬ 
gidity  there, 

G,  Sachs  I  have  looked  carefully  at  the  relations  between 

notch  test  data  and  burst  pressure  presented  by  the  speaker.  It  is  clear¬ 
ly  revealed  that  these  fall  into  two  distinctly  different  groups,  namely 
for  the  heavily  decarbiirized  and  only  slightly  decarburized  cases,  respect¬ 
ively,  While  these  notch  test  data  and  burst  tests  correlate  reasonably 
well  for  the  slightly  decarburized  steels,  they  fail  to  do  so  for  the  heav¬ 
ily  decarburized  steels  (see  Fig,  15’  of  ny  talk).  For  these,  high  burst 


VI-113 


strength  is  still  associated  with  a  low  notch  strength.  This  is  explained 
by  the  lack  of  de carburization  in  the  notch  bottom.  The  decarb  consequent¬ 
ly  considerably  reduces  the  burst  strength  but  only  slightly  reduces  the 
notch  strength, 

W,  J,  Murphy  First  of  all,  in  the  tests  that  we  run  in  our  labo¬ 
ratory  for  the  measurement  of  fracture  tougness,  notching  is  done  after 
heat-treatment  so  that  even  when  we  aretesting  for  the  effect  of  decarb¬ 
urization  we  do  not  have  decarburization  at  the  notch  roots.  In  these 
tests  the  de carburization  on  the  sheet  surfaces  across  which  the  crack  is 
nmning  will  produce  an  increase  in  fracture  toughness.  In  the  second 
place,  in  the  vessels  tested,  extensive  slow  crack  growth  occurred  prior 
to  the  onset  of  unstable  crack  propagation.  And  obviously,  if  you  have 
slow  crack  growt,h  you  do  not  have  de  carburization  at  the  tips  of  the  crack 
leading  to  unstable  crack  propagation.  Therefore,  thefiracture  situation 
in  the  model  pressure  vessels  was,  in  ny  opinion,  very  similar  to  that  in 
the  laboratory  center-notch  tension  tests. 

W,  F,  Brown  It  escapes  me  as  to  why  all  these  tests  are  being 

made.  From  one  standpoint  I  realize  that  the  development  of  a  particular 
pressure  vessel  has  to  be  preceded  ty  some  model  testing.  However,  from 
this  model  testing  has  come  very  little,  if  any,  fundamental  information 
regarding  the  use  of  proposed  fracture  mechanics  concepts  for  finding  safe 
working  stresses  in  pressure  vessels.  This  is  true  even  when  the  tests 
were  presumably  designed  specifically  for  this  purpose,  I  want  to  ask  the 
present  speaker  if  he  made  ary  attempt  to  determine  the  initial  flaw  sizes 
or  estimates  of  slow  crack  growth  which  might  have  occurred.  If  this  was 
done,  were  attempts  made  to  calculate  the  fracture  toughness  from  the 
pressure  vessel  tests  and  to  compare  the  values  with  those  of  laboratory 
specimens?  I  have  another  question  which  may  come  out  of  your  answer  to 
the  first.  Could  you  or  could  you  not  have  found  any  defects  by  your 
careful  inspection  technique? 

W,  J,  Murphy  The  report  which  you  received  includes  a  very  large 

section  on  the  examination  of  the  fracture  initiation  sites  in  the  model 
pressure  vessels.  In  most  cases  fracture  initiation  could  be  traced  back 
to  a  defect  of  some  sort,  I  can  list  several  of  them?  we  had  three  ves¬ 
sels  which  failed  at  magnaflux  arc  burns,  we  had  about  12  vessels  which 
failed  in  the  weld  metal  of  the  longitudinal  or  the  girth  welds,  and  we 
had  a  peculiar  case  in  one  vessel  in  >diich  some  austenitic  material  on 
the  inside  sheet  surface  of  one  of  these  vessels  initiated  failure.  On 
examining  these  initiation  sites,  most  of  which  were  relatively  small,  we 
could  observe  an  area  of  plane  strain  fracture  which  occured  as  a  result 
of  a  slow  crack  growth  from  these  small  defects.  Using  the  length  of  this 
plane-strain  crack  and  the  burst  stress,  I  was  able  to  calculate  a  K„  for 
some  of  the  vessels,  I  then  compared  these  K^’s  with  the  K^'s  obtained 
from  the  laboratory  center  notch  tension  tests  and  I  did  obtain  a  rough 
correlation.  In  only  one  case  was  a  detectable  defect  responsible  for 
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initiating  failure  and  that  was  missed  when  the  X-ray  films  were  read.  In 
all  other  cases  the  defects  were  metallurgical  in  nature  and  not  detect¬ 
able  by  nondestructive  inspection  methods.  For  example,  a  magnaflux  arc 
strike  will  not  necessarily  be  revealed  by  X-ray  inspection, 

A,  Hurlich  I  would  like  to  discuss  something  at  this  point  be- 

cause  T  just  cannot  restrain  nyself,  I  made  the  plea  last  night  when  I 
said  God  help  the  United  States  if  we  use  brittle  materials.  There  have 
been  mar^r  experiences  in  the  rocket  motor  casing  development  where,  after 
something  has  f  ailed,  we  go  back  to  the  original  X-rays  defect  and  say 
this  caused  the  failurey  but  this  pinpoint  escaped  the  best,  most  careful 
nondestructive  inspection  method  we  now  possess,  I  think  this  again  high¬ 
lights  the  fact  that  brittle  materials  kill  you.  We  do  have  suitable  in¬ 
spection  methods  today  that  will  weed  out  the  minute  defects  which  prove 
so  catastrophic  in  nucleating  fracture  in  brittle  materials,  I  am  also 
reminded  of  tbe  fact  that  during  World  War  II,  in  the  production  of  Armor- 
piercing  shot,  these  ,60  carbon  steel  armor-piercing  shot  were  heat  treat¬ 
ed  to  Rockwell  C-55  and  higher.  They  were  then  carefully  inspected  and 
found  free  of  all  flaws,  loaded  into  ammunition  and  pit  into  storage  and 
then  sent  around  the  world  for  use  by  troops.  We  had  serious  epidemics 
of  fracture  of  these  shot  in  storage.  The  noses  would  suddenly  pop  off 
due  to  the  build  up  of  the  residual  stresses  and  their  relief  by  fracture 
nucleating  at  an  inclusion  or  at  an  interface  between  carbide  and  marten¬ 
site  and  things  of  this  sort,  I  am  willing  to  stake  my  bottom  dollar  that 
many  of  these  good  case  we  are  making  of  the  ultra  high-strength  steels 
that  we  carefully  inspect  and  put  in  storage,  if  we  have  to  take  them 
out  within  five  years  and  use  them  we  will  have  a  significant  percentage 
of  cracked  c  ases, 

J«  Hamaker  I  would  like  to  point  out  that  current  ultra  high 

strength  steels  are  much  more  sophisticated  than  those  used  in  shot. 

These  new  steels,  which  I  was  discussing  yesterday  are  air  hardened  not 
quenched,  and  hai^  secondary  hardening  characteristics.  We  are  pretty 
well  convinced  that  in  order  to  go  up  to  higher  strength  levels,  we  will 
have  to  take  advantage  of  these  characteristics.  Thus,  tempering  will 
always  be  above  1000  F,  for  any  strength  level,  at  which  temperatures 
stress  relief  is  very  adequate,  up  to  90  percent.  This  is  entirely  di- 
ferent  from  low  alloy  materials  liquid  quenched  and  tempered  at  J^OO, 

900,  or  600  F  for  similar  strength  levels.  Residual  hardening  and  other 
stresses  may  be  as  much  as  50  percent  of  the  yield  strength.  Secondary 
hardening  also  permits  transformation  of  unstable  retained  austenite, 
thorough  baking  out  of  hydrogen  and  other  means  of  potential  embrittle¬ 
ment,  The  successful  H-11  rocket  cases  you  have  been  hearing  about  this 
morning  were  all  tempered  above  1000  F, 
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F,  Richmond  In  answering  Dr,  Sachs's  question  about  the  decarb¬ 

urization  of  the  test  samples  versus  the  decarb  existing  in  samples  cut 
from  the  vessel,  the  principle  of  cutting  specimens  out  of  the  case  after 
failure  was  defended  by  Mr,  Murphy  by  the  statement  that  in  fast  crack 
propagation,  it  does  not  matter  whether  you  decarburize  or  not.  But  this 
means  that  all  this  talk  about  stress  concentration  factors,  in  specimen 
design  is  relatively  unimportant  since  if  all  you  are  interested  in  is 
fast  crack  propagation,  the  stress  concentration  factor  is  the  same  - 
or  nearly  so  -  at  the  base  of  the  running  crack.  But  is  not  the  slow 
crack  propagation  which  eventually  results  in  a  flaw  large  enough  to  ge¬ 
nerate  the  fast  crack  also  important?  Would  not  this  slow  crack  propa¬ 
gation  be  affected  by  the  depth  of  decarburization  existing  in  the  test 
specimen  or  case? 

W,  J,  Murphy  I  do  not  think  there  is  any  question  about  the 

fact  that  the  slow  crack  propagation  phase  of  this  thing  is  important  and 

that  decarburization  may  have  an  effect  on  slow  crack  growth,  I  think 
that  the  fact  that  this  is  being  given  careful  attention  has  been  brought 
out  in  some  of  the  papers  that  have  been  presented  this  week, 

E,  C,  Schneider  In  all  these  cases  there  is  a  longitudinal  weld  as 

well  as  a  girth  weld,  and  the  question  I  have  is  this  since  so  many  of 
these  cases  fail  near  the  longitudinal  weld,  either  in  the  weld  or  close 
to  the  weld  and  we  know  that  any  mismatch  or  peaking  in  the  longitudinal 
weld  will  cause  very  high  normal  stress  increases.  Do  you  think  that  the 
results  you  obtained  would  have  been  grossly  changed  if  you  had  eliminat¬ 
ed  the  longitudinal  weld  and  made  a  vessel  with  only  girth  welds?  I  would 
like  to  comment  on  Mr,  Brown's  question  before.  The  value  of  the  subscale 
vessel  is  also  quite  important  from  the  fabrication  point  of  view  in  es¬ 
tablishing  what  defects  you  get  from  those  vessels  during  fabrication. 

When  you  talk  to  production  people  and  mention  the  Gq  values  and  crack 
lengths  all  you  get  is  a  completely  blank  stare.  So  that  you  have  to  run 
these  tests  and  find  out  statistically  and  practically  what  you  do  get 
and  how  these  materials  will  behave  when  handled  in  a  shop, 

W,  H,  Sharp  During  this  three  day  conference,  we  have  primar¬ 

ily  discussed  steels  which  are  known  to  show  brittle  behavior  at  high 
strength  levels.  It  seems  to  me  that  those  attending  this  conference 
should  be  more  concerned  about  where  we  are  going  with  materials  of  more 
ductile  behavior.  Two  materials  which  display  a  higher  measure  of  duct¬ 
ility  at  the  higher  strength  levels  are?  (l)  the  20-2^  percent  nickel 
(iron  base)  alloys  recently  developed  by  Bieber  and  (2)  the  titanium 
alloys, 

E,  R,  Mertz  From  the  comments  expressed  during  the  course  of 

this  conference,  one  is  inclined  to  conclude  that  high  burst  strength  is 
the  major  criteria  for  solid  rocket  cases.  This  is  likely  to  be  mislead¬ 
ing,  because  certainly  in  a  solid  rocket  that  is  loaded  with  propellant 
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we  cannot  accommodate  much  deformation  without  loss  of  bond  between  the 
propellant  and  the  case,  so  that  our  real  criterion  is  elastic  behavior 
and  not  plastic  behavior. 

G«  Sachs  I  would  like  to  suggest  that  we  start  to  worry  a- 

bout  the  ground  rules  for  model  testing.  In  order  to  discuss  this 
problem,  I  would  like  to  suggest  two  items,  namely? 

(1)  The  wall  of  the  model  should  be  preferably  the  same  as 
that  of  the  full  size  case. 

(2)  The  case  should  be  large  enough  to  be  "thinwalled",  i,e, 
the  wall  thickness  should  not  exceed  a  few  percent  of  the 
diameter. 
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Tranapo3r?;ation  ia  so  mcli  a  primry  lubricant  for  nsodem  techno¬ 
logical  develcipaent  we  must  cosstantSy  seek  to  tfee  in5>roveiBent  of  its 
various  forms  in  terms  of  performance  and  efficiency.  She  rate  of 
technological  developnent  paraO„els  closely  the  rate  of  performance 
inproveaent  in  eonmercial  transport.  Figiire  1  illustrates  the  rate 
of  perfonEance  laprovaMent  with  ef:*aMercial  transport  since  the  peidod 
of  about  1800,  the  beginning;  of  the  inctusti'ial  revolution.  It  is 
liBBediately  apparent  that  the  strrface  modes  of  tran'sportation  had 
been  fully  es^sloited  performancfiwlse  by  about  the  period  of  I9OO. 

One  mlj^t  ask  immediately  why  has  there  been  no  performance  improve - 
■eat  in  the  s^jrfaee  modes  of  traaisporS;.  Could  it  have  been  that  the 
rise  of  the  ai;cplane  had  ha2.1;ed  develcrpment^  or  was  there  scaiething 
fundamental  that  prevented  the  further  develcpmeat?  I  rather  think 
it  is  because  there  is  something  fiuidamental  ia  'fche  modes  of  surface 
transport  that  prevented  their  further  pes>foraiiance  ii^rovement.  The 
land  vehicle  is  dependent  upon  the  wheel.  Its  driving  and.  control 
forces  must  be  transmitted  through  surface  contact  of  the  wheel  with 
the  ground.  It  is  this  need  for  fairf^^  firm  contact  between  the 
surface  vehicle  and  the  ground  tlist  rteposes  a  rather  ifundanental 
performance  lijia3.t.  As  the  speed  3.s  iacreasedp  dynamic  disturbances 
due  to  unevenness?  of  the  surface  effectively  reduce  the  flmneas  of 
the  contact  between  the  wheel  and  the  svjrface  so  that  both  control 
and  dri-rlng  power  beccme  liki.ted  .and  f’iafillj  aerodynamic  forces 
become  so  large  as  to  become  the  controilijag  factor.  [ISie  practical 
upper  limit  s?peed  for  land  traaspojrt.  is  shown  by  the  figui^'e  to  have 
beeh  rea‘:i!Led  late  in  the  last  century.  Similarly^  the  surface 
vessel  has  the  seme  type  of  performance  M,story  ns  the  land  vehicle. 
The  fundamental  is  encountered  in  the  so-called  hump  speed. 

At  this  .speed,  the  wave  patterns  set  absorb  so  much  power  that 
the  practical  speed  liad-t  is  reached.  With  t^hese  fundamental 
limits,  it  appeal's  that  tr«s).?;5>ort  performance  would  have  been 
limited  to  about  the  speed  perSTormacce  of  IS^OO  had  it  not  been 
for  the  airplane.  The  speed  perforroiuice  increase  of  the  airplane, 
as  you  can  see  from,  this  chart-,  has  Txjen  extremely  rapid.  It  has, 
of  course,  been  fostered  by  mLl-itary  devt?lopaeat-s  occaaioned  by  the 
need  for  survival,  in  the  two  .ma^jor  wars  this  century.  This 
military  sponsorship  of  technological,  development  is  not  new  to  our 
times.  One  needs  csaly  to  recaal.  that  the  principles  of  road  building 
developed  by  the  Romans  did  not  copje  .about  so  tto,t  the  populace  could 
take  a  Su»lay  drive  in  i'.h«ir  cha;rict?!! 

iSpeed  perfoi'ma.tice  f»ecc*aes  very  important  when  the  transport  of 
valuable  goofI.s  i*-.  concerned,  and  by  1h-is  I  mean  pecpl,®  and.  goods 
which  .have  a  large  amount  of  h3gh-sk.DJ.  isan-hours  invol.ved  in  their 
production.  Q<x»d,s  wh,e.re  ra.w  material  becciaes  a  smaller  part  of 
the  coat  and  ai'e  rather  c-xpensive  because  of  the  isgput  of  the 


energy  of  man  are  the  classes  of  things  that  require  high-speed 
performance  for  transport. 

*  Ercm  the  shape  of  the  ciirve  of  aircraft  speed  performance^  we 
apparently  are  not  against  any  fundamental,  limits  in  terms  of  the 
coaimereial.  air  transportp  military  operational,  aircraft  having 
already  achieved  substantially  better  performance  than  the  best  of 
our  modern  commercial  transports.  Ihe  speed  of  the  modem  Jet 
transports  is  shown  by  the  sssall  block. 

Biere  is  a  major  differences  however,  between  the  military 
ai^lication  and  the  commercial  transport.  Ihe  high  cost  of  such 
vehicles  requ3,res  that,  in  cammercial  service,  they  have  a  long, 
useful  life,  fflie  fact  that  they  must  operate  in  and  out  of 
ccmmercial  areas  Is^oses  additional  .limitations  not  present  for 
the  miliLtary  vehic.le.  Hie  miiitaty  vehicl,e  can  usually  be  a 
speciadized  single  design  point  vehicle.  Hie  bomber,  for  exaaiple, 
is  'required  to  deliver  a  particular'  .l,oad  the  greatest  distance  at 
the  highest  speed.  It  does,  not  have  to  operate  in  and,  out  of 
densely  peculated  commercial  areas.  The  mi2,itary  machine  is  one 
which  is  used  primarl.ly  for  training  and  he, Id  in  readiness,  e.xcept 
for  training  needs,  against  the  day  It  is  needed  for  actual  ccosbat 
operations.  In  this  sense  it  is  l..ike  the  equipment  of  a  fire 
department  rather  than  l.lke  the  ccMimercial,  truck  on  the  highway. 

The  coianercial  transport  must  be  operable  at  a  low  cost,  on  the 
order  of  2  cents  per  seat  mil.e  direct  ope.rating  cost.  The ‘military 
machine  has  no  such  limits  imposed.  At  these  operating  costs,  the 
commercial’ machi.ne  must  have  a  useful  .li.fe  in  actual  flying  service 
of  the  order  of  30,000  hours  at  .least,  and  preferably  30^)000  hours. 

The  long  life  requl,rement  imposes  on  the  ccanmercial  transport  a  far 
more  serious  materials  prob.l,«m  than  need  be  the  case  for  the  military 
machine  of  equal  speed. 

Befoi’e  d.tscu3sing  these  materials  problems,  however,  it  is  well 
to  examine  the  state -of  -  the  =aj.*t  in  other  areas.  Only  If  the  state- 
of-the-art  in  the  other  areas  is  sufficiently  advanced  do  the  materials 
problems  beceme  critical.  ]Pi.gure  2  lllus'fcrates  the  factors  affecting' 
flight  efficiency.  These  are  the  energy  per  pound  of  fuel,  the  struc¬ 
tural  weight,  the  propulsion  e.f.fieiency,  and  'the  aerodynamic  efficiency. 
I  will,  treat  these  i.n  the  reverse  order.  Tbie  status  with  respect  to 
aerodynamic  efficiency  is  shown  in  fig-jre  3,  whl,ch  is  a  .plot  of  the 
lift -to  “drag  ratio  against  the  cruise  Mach  n?aniber.  Mow  the  overall 
ewsrodynamic  efficiency  is  represented  by  the  product  of  the  lift-to- 
drag  ratio  and  the  speed  or  Mach  number.  Tb.e  present-day  subsonic 
Jets  have  lift-to-drag  ratios  on  the  o.rder  of  22  at  Mach  nu«be.rs  on 
the  order  of  0.8.  The  product  is  17.6.  We  cannot  hope  to  meet  the 
comaercial  operating  costs  unless  ve  achieve  an  aerodynamic  efficiency 
at  least  ■this  good.  I  say  at  least  this  good,  because  the  si5>ersonic 
machi,nes  'wi.U  cost  subatantia21.y  more  than  the  present  Jets.  They 
shoui.d  be  better.  There  is  shown  on  the  figure  the  lift-to-drag  ratios 
of  the  present-day  .superaonlc.  aix'cra.'ft.  These  are  types  now  flying, 
and  quite  obvtou.sly  these  values  are  not  adequate  for  a  comercial 
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machine.  However,  In  the  last  6  to  8  years,  'as  a  result  of  extensive 
research,  the  lift-to-drag  ratios  have  been  raised  to  the  apea  shown 
by  the  shaded  band.  A  very  lairge  number  of  configurations  have  been 
investigated  seeking  to  determine  what  are  the  properties  that  leeui 
to  a  sufficiently  high  lift-to-drag  ratio  to  become  conmercially 
interesting  as  well  as  militarily  useful  from  a  rauage-radlus  viewpoint 
If  you  examine  this  figure  in  terms  of  the  product  of  lift-to-drag 
ratio  times  Mach  number,  you  see  immediately  that  at  Mach  numbers  of 
1.5  the  lift-to-drag  ratio— Mach  number  product  is  significantly  less 
than  that  achieved  by  the  present  jets.  Obviously,  this  cannot  do. 

Because  of  the  relatively  small  variation  of  the  lift-to-drag 
ratio  with  Mach  number  at  the  supersonic  values  of  the  Mach  number, 
it  is  apparent  that  sufficiently  hl£^  values  of  the  aerodynamic 
efficiency  factor  cem  be  achieved  if  the  cruise  Mach  number  chosen 
is  high. 

On  this  basis,  then,  we  can  establish  that  the  Mach  number  for 
the  transport  should  be  in  the  range  of  2  to  5“  To  conclude  that 
the  Mach  number  should  be  between  2  and  3  is  a  general  but  very 
insufficient  conclusion  because  the  particular  Mach  number  can 
influence  the  type  of  configuration.  For  example,  figure  4-  illus¬ 
trates  a  class  of  configuration  that  offers  extremely  hl^  aero¬ 
dynamic  efficiency  in  the  Mach  number  range  around  2  and  below. 

Ckie  notes  the  high  sweep  of  the  wings,  the  arrow-like  configuration, 
the  Imbedded  engines  in  the  highly  area-ruled  body-wing  Juncture. 

Biis  kind  of  a  configuration  has  a  wave  drag  that  is  very  nearly  as 
low  as  the  wave  drag  for  the  idealized  streamline  body  of  the  same 
effective  fineness  ratio.  As  Mach  number  is  increased,  however,  the 
low  drag  properties  of  the  wing  are  lost  as  the  Mach  waves  approach 
the  same  slope  as  the  wing  leading  edge.  Cne  must  then  look  for 
other  tjpes  of  configuration.  In  the  research  that  has  been  done 
to  date,  figure  5  illustrates  the  type  of  configuration  suitable  in 
the  Mach  number  range  2.5  and  above,  perhaps,  let  us  say,  up  to  4. 
Beyond  Mach  number  4,  figure  6  Illustrates  a  possible  type  of  configu¬ 
ration.  You  will  note  immediately  that  these  three  classes  of  conflgu 
rations  bear  little  in  cannon  structurally.  Biere  are  many  other 
difficulties  with  these  configurations  related  to  their  landing  and 
their  take-offs  >dxlch  I  shall  discuss  a  little  later. 

'Ihe  state-of-the-art  with  respect  to  propulsion  efficiency  is 
fedrly  well  advanced.  This  is  Lilllustrated  by  figure  7.  Ohe  turbo¬ 
jet  or  turbofan  engines  fit  the  speed  range  to  Mach  numbers  of  the 
order  of  3,  As  Mach  number  4  is  approached,  the  dynamic  conipression 
of  the  air  is  so  great  the  compressor  ceuinot  be  used  and  the  engine 
becomes  a  pure  ramjet,  and  auxiliary  means  would  be  required  for 
landing  and  take-off.  0510  Important  point  here,  however,  is  that 
when  the  engine  is  optimized  for  its  cruise  Mach  number  we^aan 
obtedn  propulsion  efficiencies  exceeding  those  now  being  obtained. 
Again,  because  of  the  high  cost  of  these  machines,  it  is  not  safe 
for  us  to  sit  back  and  assume  that  the  advantage  in  propulsion 
efficiency  can  offset  sene  of  the  other  disadvantages.  I  must 
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emphasize  that  better  overall  propulsion  and  aerodynamic  efficiencies 
than  those  for  present  jet  aircraft  should  be  and  axe  achievable » 

A  typical  flight  plan  of  such  an  airplane  on  the  New  York  to 
Paris  run  is  illustrated  In  figure  8.  lEhe  edrplane  will  take  off 
and  climb  to  a  high  altitude  at  subsonic  speeds  and  then  accelerate 
through  Mach  number  1,  and  finish  the  climb  to  its  cruise  speed  and 
altitude  for  the  joumeyo  On  approach  to  destination^  the  engines 
would  be  throttled  back  and  the  airplane  would  use  a  maximum  ground 
gaining  descent.  The  actjial  descent  would  probably  be  started  400 
or  more  miles  away  from  destination.  The  ediplane  may  be  required  1 

to  hold  for  a  substantial  period^  perhaps  on  the  order  of  JO  minutes, 
at  a  low  altitude  near  its  destimtion  dependent  upon  weather  or 
traffic  conditions.  We  ccumot  neglect  the  problems  of  take-off  emd 
climb  to  cruise  speed  and  altitude  and  the  problems  of  letdown.  We 
are  in  rather  poor  position  when  one  considers  climbout  problems  and 
the  holding  and  landing  problems.  The  configurations  so  far  developed 
lack  acceptable  properties  for  these  "off -design"  conditions. 

Supersonic  aircraft  emit,  as  you  know,  a  shock  wave,  the  so-called 
sonic  boom.  SubstantieO.  pressures  occur  in  this  shock  wave.  These 
pressures  eire  capable  of  doing  great  damage  to  buildihgs  when  the  flight 
at  supersonic  speeds  is  at  too  low  ajn  altitude.  All  of  the  existing 
information  indicates  that  we  shall  probably  have  to  climb  at  subsonic 
speeds  until  we  reach  45, 000  feet .  Some  of  the  configurations  that  I 
have  shown  you  are  incapable  of  subsonic  flight  above  30,000  feet,  and 
this  is  simply  because  the  drag  associated  with  the  production  of  lift 
at  the  high  angles  of  attack  required  is  too  great.  There  etre  otl'ier 
problems,  too,  associated  with  the  lemdlng.  These  types  of  configu¬ 
rations  have  a  low  lift-curve  slc^e,  that  is,  a  low  slope  of  the  lift 
plotted  against  euogle.  Landing  angles  sufficiently  great  to  permit 
full  realization  of  the  maximum  3.ift  of  the  wings  cannot  be  obtained 
because  of  striking  the  tail  on  the  ground.  This  means  that  the 
landing  speeds  go  up  enormously.  Similarly,  the  take-off  speeds  in 
such  configurations  would  be  hi(^.  Landing  and  take-off  speeds 
approaching  2CX)  knots  could,  be  required.  Entirely  ap8urt  from  the 
safety  of  landing  and  take-off  at  such  speeds,  the  length  of  airport 
runways  would  become  prohibitive  and  the  land  required  at  each  end 
of  the  runway  would  be  of  the  order  of  3  miles. 

It  is  interesting  to  examine  the  fuel  requirements  .for  such 
configurations  as  we  have  just  discussed.  Jlgure  9  shows  the 
percentage  of  total  fuel  consumed  and  the  fuel  flow  rates  in  pounds 
per  hour  for  the  various  segments  of  the  Mach  3  New  York-Parls 
flight  plan.  Looking  first  at  total  fuel  consumed,  you  can  see 
immediately  that  4o  percent  of  the  total  fuel  onboard  is  consumed 
in  the  first  350  miles  of  the  trip.  This  is  merely  the  take-off 
fluid  climbout  to  attain  cruise  speed  and  altitude.  In  thl.B  peurt 
of  the  fli^t,  fuel  punning  rates  exceeding  200, '^00,  pounds  per  hour 
would  occur. 
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We  can  cruise  with  overall,  fli^t  efficiencies  perhaps  better 
than  we  are  obtaining  with  the  present  jet  transport,  but  we  are  not 
Meeting  any  of  the  other  requirements,  the  so-called  "off -design" 
requirements,  as  landing  and  tahe-off .  If  we  had  one  engine  out  at 
midrange,  we  would  have  to  come  down  to  low  altitudes,  perhaps  on 
the  order  of  30,000  feet,  and  cruise  at  subsonic  speed..  Hhis  "off- 
design"  is  very  costly  on  fuel  because  it  is  "off  design"  for  both 
airplane  and  engine.  Under  certain  conditions,  one  could  not 
consider  proceeding  to  the  ultimate  destination  but  would  have  to 
seek  an  alternate. 

At  this  point,  the  position  in  terms  of  the  state-of-the-art 
mi^t  be  briefly  suzmsarized  by  saying  that  if  the  mission  involved 
flight  at  design  supersonic  speed  and  altitude  only,  and  no  emer¬ 
gencies  occurred.  Intercontinental  ranges  of  commercial  Interest 
and  importance  can  be  readily  achieved.  !Ihe  ladders  by  Which  the 
airplane  climbs  to  its  supersonic  cruise  speed  and  altitude  suid 
descends  therefrom,  however,  have  broken  or  weak  rungs.  It  is 
the  "off -design"  operation  that  creates  a  large  part  of  the 
remalnlEg  difficulties,  and  the  principal  characteristic  of  this 
"off -design"  area  is  the  necessity  for  operation  of  optimized 
supersonic  configurations  at  subsonic  speeds. 

‘Ihere  are  solutions  to  these  problems,  and  perhaps  the  best  way 
to  introduce  the  idea  of  tb,e  type  of  solution  is  to  consider  the 
configuration  characteristics  required  by  subsonic  flows  as  ccanpared 
to  those  required  by  st^ersonic  flows.  At  subsonic,  speeds,  drag  is 
produced  by  two  sources:  skin  friction  and  drag  due  to  lift,  called 
induced  drag.  When  one  considers  skl,u-friction  drag,  one  l.ooks  for 
the  .'largest  volume  for  the  minimum  surface  area.  From  simple  geometry 
hhis  comes  out,  of  course,  to  be  a  sphere.  Now  it  is  well,  known  that 
the  sphere  is  a  shape  that  has  hi^  peak  pressures  followed  by  hl^ 
recovery  pressjxres  on  the  aft  end.  Because  of  the  energy  taken  out 
in  the  skin-friction  layer,  the  aJr  stream  d.oes  not  have  sufficient 
energy  to  achieve  the  theoretical  recove.ry  pressures  on  the  aft  end, 
and  the  .flow  separates^  a  very  disturbed  wake  and  very  hig^  drag 
occur.  To  correct  this,  the  sphere  is  stretched  in  the  dii'ection 
o.f  f3.i|^t,  d,otng  enough  stretcMng  to  reduce  the  peak  pressures  so 
that  the  :0,ow  adheres  to  the  surface.  An  elongated  sphere,  the 
streaml.ine  'body  with,  which  you  are  all  familiar,  is  then  the 
suitable  body  shape.  At  subsonic  speeds,  the  cptimum  fineness  ratio 
of  t.h;i,s  body,  that  is,  the  length  divided  by  its  diameter  is  in  the 
range  of  3  up  to  6. 

!Il5,e  drag'  due  to  lift  is  a  consequence  of  the  downward  ccaiponent 
of  velocity  Imparted  tc  the  air  by  the  wings,  as  the  reaction  to  the 
:i.ift  forvce.  When  the  airpl.a.ne  passes  any  given  point,  it  leaves  in 
the  atmosphere  a  downward  ccmponent  of  velocity.  Ihe  kinetic  energy 
represented  by  thi.s  downward  cc.fflponent  of  veloc.i.ty  is  energy  that  is 
not  recovera.bl.e  to  -dise  system  and  appears  in  the  system  as  drag.  3he 
energy  being  a  velocity  sqzoare  funetion,  it  is  necessary  to  keep  that 
downward  cootponent  of  velocity  as  small  as  possible,  apftd  we  do  this 


by  leaning  on  as  lenrge  a  mass  of  air  as  possible  so  that  the  downward 
coMponent  of  velocity  is  a  minimum.  Ibis  leads  to  wings  of  great 
sp&n  that  reach  out  to  contact  a  large  mass  of  air.  So  at  subsonic 
speedy  aatr,  we  have  an  overall  configuration  that  is  in  the  fineness- 
ratio  range  of  3  to  6^  with  wings  of  great  span. 

cm  approaching  or  exceeding  Mach  number  1,  it  is  necessary  now 
to  strike  a  balance  between  three  drag-producing  sources:  skin 
friction  as  before,  drag  due  to  lift  as  before,  and  now ' shock -wave 
drag.  Shock-wave  drag  is  proportional  to  the  thickness  squared. 

Mow  to  reduce  the  shock-wave  drag,  the  thickness  ratio  must  be 
reduced.  To  accomplish  this,  the  fuselage  is  further  stretched  in 
the  flight  direction,  and  we  continue  this  stretching  process  until 
we  reach  a  point  where  suay  further  stretching  would  give  a  skin- 
friction  addition  that  is  more  than  the  wave -drag  reduction  obtained 
by  the  thinning  due  to  the  stretching  out  process.  Theory  and  experi¬ 
ment  have  shown  that  the  optimum  fineness  ratio  for  the  supersonic 
speed  is  of  the  order  of  11  to  l4  as  compared  to  the  5  to  6  values 
for  subsonic  speed.  Similarly,  the  wing  thickness  ratios  must  be 
reduced.  The  reduction  of  the  wing  thickness  ratio  reduces  the 
depth  available  for  structure  so  that  it  becomes  necessary  to 
reduce  the  wing -root  bending  moments.  The  wing-root  bending 
moments  are  reduced  by  reducing  the  span,  and  the  thickness  ratio 
is  reduced  by  increasing  the  chord.  A  considerable  amount  of 
sweepback  is  used  which  effectively  reduces  the  aerodynamic 
thickness  ratio.  The  supersonic  machine,  thus,  is  one  that  has 
fineness  ratios  on  the  order  of  12  to  1^  with  wings  of  small 
span,  very  large  chord,  amd  high  sweepback.  The  subsonic  machine 
ideally  is  one  that  has  fineness  ratios  of  the  order  of  5  to  6 
and  wings  which  stretch  out  to  great  span.  There  is  then  an 
inconpatiblllty  of  configuration  for  the  two  flow  regimes. 

The  problem  then  becomes  one  of  making  the  conflgurEtlon 
compatible  with  the  flow  laws.  It  quite  obviously  requires 
variable  geometry  of  the  configuration.  Now  at  first  glance, 
variable  geometry  of  the  configuration  might  seem  like  a  very 
radical  idea.  We  have,  however,  been  using  variable  geometry 
in  aircraft  for  many,  many  years  as  witness  the  tremendous 
flaps  on  our  present  Jet  transports.  This  form  of  variable 
geometry  has  been  used  to  reduce  landing  and  take-off  speeds 
to  sarfe,  reasonable  vadues.  A  different  kind  of  variable 
geometry  appears  to  be  required,  and  this  form  of  variable 
geometry  is  variable  sweep  of  the  wings.  A  first  step  in 
this  direction  is  illustrated  by  figure  10.  The  supersonic 
configuration  is  shown  in  the  upper  part.  The  landing  tedse- 
off  and  subsonic  climb  configuration  is  shown  in  the  lower 
pert.  The  swept  forward  position  corresponds  to  the  "off- 
design"  flight  regime. 

Variable  sweep  is  not  new.  Two  such  aircraft  have  been 
built  and  flown.  One  was  the  research  ed.rplane  X-5.  This 
airplane  varied  its  wing  sweep  from  JCP  to  6(P  and  has  been 
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through  extensive  flight  tests.  Another  vas  a  Navy  airplane,  F-IOP. 
This  was  built  as  an  cperati<nial  alrplauie.  At  the  tljse  it  was  built, 
the  engine  thrusts  were  not  really  adequate  to  provide  supersonic 
velocity.  Afterburner  develaputent  was  not  very  advanced.  The  nachlne 
was  essentially  a  subsonic  machine  and  as  such  had  only  small  need  for 
this  class  of  variable  geometry.  Howeyer,  both  of  these  machines 
dOTonstrated  the  feasibility  of  variable  sweep  in  flight.  One 
practical  difflctilty  occurred  with  both  of  these  machines.  It  wan 
necessary  to  move  the  wing  fore  and  aft  &b  the  sweep  changed  in 
order  to  maintain  the  correct  relation  of  the  center  of  gravity 
and  center  of  pressure  of  the  airplane  for  stability.  Through 
recent  research,  this  difficulty  has  been  overccme  so  that  proper 
stability  can  now  be  maintained  without  fore  and  aft  movement  of 
the  wings.  With  variable  sweep  of  the  wings  as  illustrated  here, 
and  with  tufbofaa  engines,  we  can  meet  the  tahe->off,  the  climbout, 
the  landing,  and  the  holding  requirements  every  bit  as  veil,  as  they 
are  presently  being  met  with  subsonic  aircraft,  and  we  can  achieve 
the  configuration  that  is  needed  for  the  stjpersonic  cruise. 

The  structural  and  materials  problems  of  this  type  aircraft  are 
really  new.  While  an  enormous  amount  of  work  has  been  done  with  hl^- 
teisperature  materials,  much  of  the  work  has  been  concentrated  on  the 
problems  within  the  engines  and,  more  recentJ^,  with  the  problems  of 
reentry.  The  area  for  the  ccsnaercial  supersonic  transport  needs 
considerably  more  work.  Figure  11  lists  some  of  the  problem  areas. 
These  are;  type  of  constructionj  the  available  materials j  the 
general  problem  areas,  such  as  fatigue  and  creep |  and  then  special 
problCT  areas  which  have  to  do  with  air  conditioning,  construction 
costs,  and  so  forth.  To  fix  the  range  of  temperatures  with  which 
we  eu:e  concerned,  figure  12  gives  a  plot  of  temperature  against 
Mach  number  for  an  altit'jde  of  70,000  feet.  It  varies  frcn  the 
nose  to  the  tall  of  the  airplane  by  a  significant  amount  as 
indicated  by  the  shaded  band. '  The  tapper  limit  is  the  teoperature 
about  1  foot  back  of  the  nose,  the  lower  limit  about  100  feet  back 
of  the  nose.  The  horizontal  line  on  the  chart  Illustrates  the 
teoperature  at  300°,  a  kind  of  presumed  limit  for  aluminum,  and 
this  corresponds  to  a  Mach  number  of  2*3  • 

Teisperat»ire  contours  for  a  typicaJ.  configuration  at  cruise 
altitudes  and  Mach  number  3  are  llliistrated  in  figure  13.  The 
highest  tenperabures  occur,  of  course,  in  the  engine  and  at  the 
rear  of  the  euglne  installation  structure  -  We  have  a  considerable 
experience  background  with  this  problem  because  the  taoperatures 
in  these  areas  are  not  too  different  frcn  those  existing  for  the 
slxdlar  pairts  of  exS.stiag  machines.  For  the  main  airframe 
structure,  however,  for  which  the  teaperatures  encountered  in 
steady  flight  will  attain  values  of  450°  to  600P  F  and  with 
consequent  tenpez^ature  gradients,  there  is  no  experience  back¬ 
ground. 

The  design  conditions  for  the  supersonic  tiaaspoirt  differ  in 
inpoirbant  respects  frcn  those  for  the  subsonic  machines  in  cux^ent 


useo  Figure  l4  illustrates  seme  of  these  differences.  Bie  siQ>ersoiilc 
Buichlne  will  be  substantially  larger  and  heavier.  It  will  be  subjected 
to  operation  over  very  JBUch  greater  speed  and  altitude  ranges,  and 
totally  new  and.  different  is  the  wide  materials  temperature  range. 

I 

Various  types  of  construction  have  been  studied,  leglecting  for 
the'  moment  the  special  problem  areas  associated  with  a  long  life 
requirement  such  as  fatigue,  creep,  and  loss  of  stre^ngth  on  prolonged 
exposure  to  hig^  temperatures,  figure  15  illustrates  the  relative 
weights  of  structure  for  some  of  the  considered  materials  as  the 
weights  are  affected  by  teaperature.  All  wei^ts  are  shown  relative 
to  aluminum  at  room  temperature.  Bxe  type  of  construction  assumed 
Is  the  familiar  I  skin-stringer  construction.  Above  200®  aluminvnn 
begins  to  deteriorate.  ilSiis  temperature  corresponds  roughly  to  a 
Mach  number  of  2. 

Hie  data  for  beryllium  are  included,  as  a  matter  of  general 
interest.  BeryDlium  is  presently  in  short  supp.ly,  very  little  is 
known  about  fabrication  methods,  auad  it  is  known  to  be  toxS,c.  It 
does,  however,  pr(mLse  auah  a  large  weight  advantage  that  consid- 
er-bie  researcli  should  ts  initiated,  particul.arly  so  because  the 
supersonic  transport  is  not  the  sole  area  of  technological  interest. 

The  data  on  this  slide  are  not  for  loE!g“tJime  exposure  or  cyclic 
exposure  to  temperature  changes  such  as  will,  occur.  Same  data  on 
aluminum,  ill.istrated  in  figure  16,  are  not  encouraging.  With 
exposure  of  10,000  hours  at  350^.?  the  a3..uminum  alloy  has  lost 
4o  percent  of  its  roont- teaperature  strength.  With  a  miidmum 
50,000-hour  life  requirement  for  the  conmercial  transport,  the 
use  of  aluminum  would  force  the  Mach  nuntber  to  values  probably 
well  below  2,  where  the  aerodynamic  efficiency  is  becoming  too 
low  to  be  of  interest. 

It  appears  now  that  the  choice  of  materials  will  be  steel  with 
some  use  of  titanium.  la  uslxig  the  high-strength  materials,  skin- 
stringer  construction  will  likely  be  replaced  by  sandwich  construction 
for  structural  efficiency  reasons.  Figure  IJ  illustrates  the  relative 
velghis  for  sandwich-type  construction  us.lng  the  various  materials 
previously  discussed.  All  of  the  hig^-strength  materials  are  superior 
to  eLlumlnuu  when  sandwich  construction  is  used.  As  with  the  skin- 
stringer  construction,  beryllium  is  the  best  and  its  relative  advantage 
appears  greater  the  higher  the  teaperature. 

At  this  point,  it  is  fair  to  state  that  we  have  a  very  considerable 
knowledge  in  the  materials  area,  Eowever,  not  much  of  this  has  been 
obtained  und.er  the  environment  o.r  co.t!dltions  under  which  the  material 
must  necessarlJ.,y  exist  and  exist  for  .long  .'lifetime.  Ihe  environment 
in  which  the  material  must  suxid.ve  for  tlie  minimum  reqaired  50,000  hours 
of  flight  time  is  further  illustrated  by  flgjxre  18.  Econcoilc  operation 
win  require  four  or  more  flights  as  a  dai3y  average  yie,ldJ.ng  not  less 
than  8  and  preferably  up  to  12  hours  average  daily  fl,ight  time.  The 
aircraft  stnicture  will  thus  make  on  the  average  four  daily  temperature 
cycles  as  illustrated  by  figvvre  l8. 
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®iere  are  other  apecial  problem  areas  about  which  little  la 
known  and  on  which  considerable  research  is  necessary.  Scxae  ot 
these  are  listed  in  figure  19, 

Fatigue  is  perhaps  the  most  lJi5)ortant  structural  problem 
associated  with  present-day  aircraft.  Increasing  aircraft  speeds 
Into  the  supersonic  range  I3  expected  to  coopound  the  conplexlty 
of  the  fatigue  problem  (including  sonic  fatigue)  because  stn 
additional  parameter,  teiqperature,  is  introduced.  Ccoparsttlvely 
little  information  la  available,  on  the  fatigiie  behavior  of  materials 
at  elevated  tenperature  and  practically  no  information  is  avap.h.ble 
on  fatigue  of  aircraft  structural  ccnponents.  Research  iato  this 
field  will  undoubtedly  accelerate  when  the  environmental  conditions 
and  types  of  construction  are  more'  clearly  defined.  One  problem 
associated  with  fatigue  that  will  continue  to  be  of  concern  is  "the 
problem  of  explosive  failure  of  pressurized  fuselages.  Researcli 
into  this  problem  at  room  temperature  has  been  under  way  for  several 
years .  Very  few  studies  of  this  type  have  been  made  to  ex-tend  the 
knowledge  to  the  temperatures  associated  with  the  supersonic  transport. 

Creep,  in  general,  is  not  expected  to  be  a  problem  of  major 
concern  in  supersonic  transports  for  titanium-alloy  or  stainless - 
steel  construction.  Seme  studies  have  shown  that  creep  will  not 
occur  at  the  working  stresses  to  which  the  structures  will  be 
subjected  at  elevated  temperatures.  Die  exception  to  this  nay 
occur  if  aluminum-alloy  stnictures  are  used  at  tan[peratures  above 
300°  F  for  long  periods. 

Air  conditioning  will  be  of  special  concern  in  flight  at  super¬ 
sonic  speeds.  Special  attention  to  insulation  and  air  conditioning 
of  spaces  for  the  passengers,  crew,  and  cargo  will  be  required,  fiuid 
at  the  hij^  Itoch  numbers  heat -protection  systems  for  the  fuel  will 
be  necessary.  If  conventional  insulation  and  alr-condltioulzig 
systems  are  employed  to  maintain  cabin  temperature  at,  say_^  "JOP  F, 
sufficient  weight  may  be  involved  to  effectively  increase  fuselage 
weight  as  much  as  30  percent.  New  concepts  in  maintaining  satis-' 
factory  temperatures  within  the  alrcrerft  are  being  considered,  etnd 
these  indicate  that  efficient  and  relatively  lightweight  cooling 
systems  may  be  obtained. 

One  of  the  major  items  of  concern  regarding  the  supersonic 
trsmsport  is  construction  cost.  Two  types  of  construction  liave 
been  discussed  here.  Of  these,  the  skin-stringer  type  is 
considerably  cheaper  than  the  sandwich-plate  construction.  Skin- 
stringer  construction  utilizing  conventional  alumintmi  alloys 
costs  approximately  $25  per  pound  of  structure.  For  sandwich 
con^^puction  utilizing  brazed  honeycemb,  this  cost  may  approach 
$206  per  pound  of  structure.  Because  of  such  large  differences 
in  construction  costs,  many  studies  will  be  needed  to  detennlne 
the  type  of  construction  to  be  used.  Die  high  cost  of  sandwich 
construction  coupled  with  the  substantial  saving  in  structural 
weight  will  be  conpared  with  cheaper  methods  of  construction 
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Figure  19 


that  result  in  increased  structural  wei^ts.  At  the  present  tine, 
it  cannot  be  said  which  type  of  construction  will  be  favored.  Ihe 
predicted  overall  econony  of  the  aircraft  will  obviously  be  a  major 
factor  in  the  selection  of  the  type  of  construction. 
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